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Abstract 
 
Carbon nanotubes have been actively investigated for integration in a wide variety of 
applications since their discovery over 20 years ago. Their myriad desirable material properties 
including exceptional mechanical strength, high thermal conductivities, large surface-to-volume 
ratios, and considerable electrical conductivities, which are attributable to a quantum mechanical 
ability to conduct electrons ballistically, have continued to motivate interest in this material 
system. While a variety of synthesis techniques exist, carbon nanotubes and nanofibers are most 
often conveniently synthesized using chemical vapor deposition (CVD), which involves their 
catalyzed growth from transition metal nanoparticles. Vertically-aligned nanotube and nanofiber 
carpets produced using CVD have been utilized in a variety of applications including those 
related to energy storage. 
 Li-air (Li-O2) batteries have received much interest recently because of their very high 
theoretical energy densities (3200 Wh/kgLi2O2), which make them ideal candidates for energy 
storage devices for future fully-electric vehicles. During operation of a Li-air battery O2 is 
reduced on the surface a porous air cathode, reacting with Li-ions to form lithium peroxide 
(Li2O2). Unlike the intercalation reactions of Li-ion batteries, discharge in a Li-air cell is 
analogous to an electrodeposition process involving the nucleation and growth of the depositing 
species on a foreign substrate.  
 Carbon nanofiber electrodes were synthesized on porous substrates using a chemical 
vapor deposition process and then assembled into Li-O2 cells. The large surface to volume ratio 
and low density of carbon nanofiber electrodes were found to yield a very high gravimetric 
energy density in Li-O2 cells, approaching 75% of the theoretical energy density for Li2O2. 
Further, the carbon nanofiber electrodes were found to be excellent platforms for conducting ex 
situ electron microscopy investigations of the deposition Li2O2 phase, which was found to have 
unique disc and toroid morphologies.  
 Subsequent studies were conducted using freestanding carpets of multi-walled CNT 
arrays, which were synthesized using a modified CVD process. The freestanding CNT arrays 
were used as a platform for studying the morphological evolution of Li2O2 discharge product as a 
function of rate and electrode capacity. SEM imaging investigations found that the Li2O2 
particles underwent a shape evolution from discs to toroids as their size increased. TEM imaging 
and diffraction studies showed that the microscale Li2O2 particles are composed of stacks of thin 
Li2O2 crystallites and that splaying of the stacked crystallite array drives the observed disc to 
toroid transition. 
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 Modeling was performed to gain insights into the nucleation and growth processes 
involved during discharge in Li-O2 cells. The modeling study suggests that poor electronic 
conductivity of the depositing phase limits the rate capability obtainable in Li-O2 cells. Modeling 
can provide substantial insights into paths toward electrode optimization. Understanding the size 
and shape evolution of Li2O2 particles and engineering improved electrode architectures is 
critical to efficiently filling the electrode void volume during discharge thereby improving the 
volumetric energy density of Li-O2 batteries. 
 
Thesis Supervisor: 
Prof. Carl V. Thompson
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List of Figures 
Figure 1.1. Practical specific energies for some rechargeable batteries, along with estimated 
driving distances and pack prices (Reproduced from Bruce et al.2). For future technologies, a 
range of anticipated specific energies is given as shown by the lighter shaded region on the bars 
in the chart for rechargeable batteries under development and in R&D. The values for driving 
ranges are based on the minimum specific energy for each technology and scaled on the specific 
energy of the Li-ion cells (140 Wh kg−1) and driving range (160 km or ~100 miles) of the Nissan 
Leaf.3 The prices for technologies under development represent targets set by the US Advanced 
Battery Consortium.4 
 
Figure 1.2 Operating principle of a Li-O2 cell during discharge and charge processes. 
(Reproduced from Lu et al.7) 
 
Figure 1.3. Different architectures of Li-O2 batteries, which all assume the use of a lithium metal 
as the anode. The three liquid electrolyte architectures are aprotic, aqueous, and a mixed aprotic-
aqueous system. In addition, a fully solid state architecture is also given. Principal components 
are as labeled in the figure. Spontaneously occurring SEIs on the lithium anode are given as 
dashed lines, while artificial SEIs are given as solid lines. (Reproduced from Girishkumar et al.8) 
 
Figure 1.4. Ragone plot (from Lu et al.9) comparing gravimetric energy and power of Li-ion  
(LiCoO2,10 LiFePO4,10 and LiNi0.5Mn0.5O211) and Li-O2 positive electrodes12-16 reported to date 
tested in non-carbonate electrolytes. Li-O2 electrodes include Vulcan Carbon (VC),14 carbon 
nanofibers (CNF),15 Super P carbon,13 freestanding hierarchically porous carbon (FHPC 
 12 
graphene),16 and pristine Na0.44MnO2 nanowires/ Ketjen Black (P-Z-MnO2/KB).12 The Li-O2 
values were normalized to the weight of the electrode in the discharged state (C + Li2O2 or C + 
catalyst + Li2O2, excluding binder) and were calculated based on the reported average discharge 
voltage and total gravimetric capacity (for energy) or current (power). The upper limit in the 
gravimetric energy of Li2O2 was calculated assuming a discharge voltage of 2.75 VLi. 
 
Figure 1.5. Estimated gravimetric and volumetric energy density of LiCoO2 and O2 (Li2O2) as 
the positive electrode coupling with carbon (C6) or Li as the negative electrode. The cell voltages 
used for C-LiCoO2, C-air, Li-LiCoO2, and Li-Li2O2 are 3.7 V, 2.45 V, 4.0 V, and 2.75 V, 
respectively. Neither catalyst, carbon nor electrolyte were included in the calculation for air cells. 
Two times excess lithium is used for the lithium negative electrode. . Detailed calculations and 
assumptions for theoretical energies, along with the original figure can be found in Lu et al.9 
 
Figure 1.6. Schematic indicating the various challenges facing the development of practical Li-
O2 cells.9 
 
Figure 1.7. DFT Optimized Li2O2 crystal structure as determined by Cota et al.,35 corresponding 
to the P63/mmc space group. 
 
Figure 1.8. Summary of morphologies reported by Lu et al.9 (a) Discharge morphology of Li2O2 
in CNF electrodes discharged to 2.0 V vs. Li at 46 mA/gC (4240 mAh/gC) and (inset) 100 mA/gC 
(3900 mAh/gC).15 (b) Li2O2 discs formed in VACNT electrodes upon discharge at 90 mA/gC to 
~13,400 mAh/gC.43 The electrolyte in both cases was 0.1 M LiClO4 in DME. (c) Discharge 
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morphology of a Ketjen black electrode in 1 M LiTFSI in DMSO after discharge at 0.05 mA/cm2 
to ~9400 mAh/gC.41 (d) Discharge morphology of a freestanding hierarchically porous carbon 
(graphene) electrode after discharge at 0.2 mA/cm2 to 11,000 mAh/gC in 1 M LiTFSI in DME.16 
 
Figure 1.9. DFT-calculated Wulff shapes for Li2O2 under (a) equilibrium conditions at 300 K 
and 1 atm,45 and (b) in the limit of the most oxidizing (oxygen rich, left) and reducing (oxygen 
poor, right) environments for Li2O2. The scale bar shows surface energies in meV/Å2.47 
 
Figure 1.10. (left) Li2O2 crystal structure looking down the <100> crystal axis and orthogonal to 
the <001> axis. Shading indicates the position of a unit cell terminated on a plane of O anions. 
The non-symmetric alignment of anions and cations in the unit cell indicates that the crystal will 
display polar behavior with an O (001) surface termination. 
 
Figure 1.11. (left) Li2O2 crystal structure looking down the <100> crystal axis and orthogonal to 
the <001> axis. Shading indicates the position of a unit cell terminated on a plane of Li cations. 
The symmetric alignment of anions and cations in the unit cell indicates that the crystal will 
display non-polar behavior with a Li (001) surface termination. 
 
Figure 1.12. Summary of theoretical calculations of the density of states for Li2O2 calculated 
using four different methods. Reproduced from Radin et al.46 
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Figure 1.13. (a) SEM and (b) TEM images of Vulcan carbon showing the typical micro- and 
nanoscale morphologies of mesporous carbon materials. Reproduced from Lu et al.7 
 
Figure 1.14. Cross section schematic highlighting the advantages of an air cathode comprised of 
aligned carbon nanotubes or nanofibers. Fast transport of O2 and Li+ is facilitated via the open 
pore structure and electron transport is enabled by the intrinsically high electronic conductivity 
of carbon nanotubes and fibers. The Li2O2 discharge product is formed on the sidewalls of the 
1D nanostructures during discharge. 
 
Figure 2.1. Carbon materials derived from monolayers of graphitic carbon.78 Single layer 
graphene (top) forms the basis for 0D buckballs (bottom-left), 1D carbon nanotubes (bottom-
middle), and 3D bulk graphite (bottom-right). 
 
Figure 2.2. Graphene sheet schematically showing the resulting nanotube electronic structure 
based on the Chrial vector (dotted line) of the CNT.79 
 
Figure 2.3. Schematic structure of carbon nanofibers and nanotubes. (a) stacked cone carbon 
nanofiber, and (b) concentric shell carbon nanotube.83 
 
Figure 2.4. Energy dispersion for the first Brillouin Zone of single layer of graphene. Black lines 
show the allowed states for a (3,3) nanotube. Since the lines contact the K-points (location in k-
space where the valence and conduction bands meet, the (3,3) CNT is metallic.66 
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Figure 2.5. Synthesis processes for CNT production. (Left) Arc discharge, which involves the 
decomposition of carbon electrodes in the presence of a plasma between two adjacent electrodes. 
(Right) Laser Ablation, which involves the decomposition of a carbon substrate using a high 
energy laser followed by condensation of catalysts and carbon on a water-cooled substrate.81 
 
Figure 2.6. Generalized thermal chemical vapor deposition system in which a carbon precursor 
gas is introduced into a hot-walled CVD system and catalyzed growth of CNTs occurs on 
substrate-supported nanoparticle catalysts.81 
 
Figure 2.7. SWCNT forest grown with water-assisted CVD (Hata et al.69). (A) Picture of a 2.5-
mm-tall SWNT forest on a 7-mm by 7-mm silicon wafer. A matchstick on the left and ruler with 
millimeter markings on the right is for size reference. (B) Scanning electron microscopy (SEM) 
image of the same SWNT forest. Scale bar, 1 mm. (C) SEM image of the SWNT forest ledge. 
Scale bar, 1 mm. (D) Low-resolution TEM image of the nanotubes. Scale bar, 100 nm. (E) High-
resolution TEM image of the SWNTs. Scale bar, 5 nm.69 
 
Figure 2.8. Schematics for models describing catalyzed growth of CNTs under conditions of 
(left) base growth, as proposed by Puretzky et al.,102 and (right) tip growth, as described recently 
by Hofmann et al.,101 but originally proposed by Baker et al.,103 for the growth of carbon 
filaments. 
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Figure 2.9. Schematic of the fast-heat approach: the sample sits in a quartz tube outside the 
furnace while the temperature is ramped in the growth zone. It is then introduced into the growth 
zone when all temperatures are stable and the gas mixture is introduced.92 
 
Figure 2.10. (a) SEM image showing a 2 µm-tall dense carpet of vertically aligned CNTs grown 
on a sample with an Fe-Ta catalyst-underlayer over a Pd ground layer. (b) Image showing an 
AFM cantilever above a 100 µm × 1000 µm pad of CNTs; smaller CNT pads are also visible. (c) 
AFM-based I-V curve indicating a resistance of approximately 32 kΩ.92 
 
Figure 2.11. Schematic diagram of the dual-zone CVD system which features separate tube 
furnaces and gas circuits for delivery to the preheat and/or the growth zones independently. 
 
Figure 2.12. Gas manifold of the dual-zone CNT CVD system. MFCs regulate the gas flow of 4 
separate processing gases, and binary on/off valves are attached to the gas entry point leading to 
each gas circuit (preheat and growth zones). A leak checking port enables convenient leak 
checking of the system. 
 
Figure 2.13. Photograph of the preheat and growth zones with a quartz tube spanning the 
distance between each respective thermal zone, allowing the preheater to be used and all gases to 
be preheated. 
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Figure 2.14. Cross section (45°-tilt) SEM images of CNT carpets grown for (a) 1 min and (b) 5 
min, respectively. Red lines indicate the height of the carpets taking into consideration the tilt of 
the image. 
Figure 2.15. Cross section (45°-tilt) SEM image of a CNT carpet grown for 20 minutes 
 
Figure 2.16. Photo of a delaminated carpet and its growth substrate. Growth time for this carpet 
was 10 minutes with a 10 minute post-growth anneal. 
 
Figure 2.17. Cross section (90°-tilt) SEM images of freestanding carbon nanotube carpets. (a) 
Low magnification image showing the thick carpet, which has been mounted on an SEM stub, 
which resulted in slight crumpling of the carpet and generating debris, and (b) a high 
magnification image showing the nominally aligned structure of the CNT carpet with 
entanglement along the lengths of CNTs. 
 
Figure 3.1. (a) Cross sectional (70°-tilt) SEM micrograph of the porous anodized aluminium 
oxide (AAO) filter after thin film deposition using electron beam evaporation. Inset: schematic 
representation of the electrode after deposition of metal thin films (Ta 30 nm, Fe 2 nm) onto one 
side of the AAO filter. (b) Cross sectional (70°-tilt) SEM image of the AAO filter after nanofiber 
growth. Inset: schematic representation of the electrode after catalyzed growth of carbon 
nanofibers. 
 
Figure 3.2. Electrode Fabrication. a) Photograph of the CNF electrode after nanofiber synthesis. 
The filter diameter is 13 mm, and the area covered by CNFs has an 11 mm diameter. To prepare 
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the electrode, a piece of aluminum foil is wrapped around one edge. b) High-resolution 
Transmission Electron Microscope (HR-TEM) bright field image of a typical nanofiber 
synthesized using this process. Schematic shows the concentric hollow cone structure of the 
carbon nanofiber. The average diameter of the fibers used in this study was roughly ~30 nm. 
 
Figure 3.3. Cyclic voltammetry of a CNF electrode in a Li cell (1 M LiPF6 electrolyte in 
EC:DMC) indicated the CNF electrodes had an average capacitance of 26 F/g in the range 2.0 – 
4.0 V vs. Li. (Betar Gallant) 
 
Figure 3.4. CNF electrodes were tested in lithium cells with 0.1 M LiClO4 electrolyte in DME 
and two porous Celgard C480 separators. The CNF electrode was placed with the carbon side 
facing towards the separator, and a porous stainless steel disk or mesh was used as both a current 
collector and a porous membrane to allow O2 diffusion through to the porous AAO substrate. 
Following cell assembly in Argon, the cell was purged for 5 minutes with O2 and sealed against 
the environment. 
 
Figure 3.5. (Left) Galvanostatic discharge to 2.0 V vs. Li of an AAO/Ta/Fe substrate (no CNFs) 
in O2, and a typical AAO/Ta/Fe/CNF electrode in Ar (no O2) demonstrating negligible capacity 
(typical discharge time for a CNF electrode in O2, plotted for comparison, is ~115 hours at 
comparable geometric currents). (Right) XRD spectra of pristine and discharged CNF electrodes 
(510 mA/gC) showing the formation of Li2O2 (Space Group: P63/mmc)34 on discharge. (Betar 
Gallant) 
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Figure 3.6. (a) First-discharge rate capability of CNF electrodes with galvanostatic currents 
corresponding to 43, 261, 578, and 1000 mA/gC (4, 26, 66 and 97 µA/cm2, respectively) with a 
lower voltage cutoff of 2.0 V vs. Li. (b) First discharge rate capabilities normalized to the weight 
of the discharged electrode (C + Li2O2). (c) Gravimetric Ragone plot comparing energy and 
power characteristics of CNF electrodes based on the pristine and discharged electrode weight 
with that of LiCoO2.148 (d) Capacity retention after 10 cycles. 
 
Figure 3.7. Evolution of Li2Ox discharge product morphology. Insets show the corresponding 
discharge voltage profile. (a-b) Galvanostatic discharge to a capacity of 350 mAh/gC at 68 
mA/gC. Li2O2 particles appear to first form on the CNF sidewalls as small spheres with <100 nm 
diameters, (c-d) Intermediate galvanostatic discharge to 1880 mAh/gC at 64 mA/gC. Particles 
appear to develop a toroidal shape as the average particle size increases to 400 nm, (d-e) Full 
discharge to 7200 mAh/gC at 63 mA/gC. The discrete particles merge to form a monolithic Li2O2 
mass with low porosity. 
 
Figure 3.8. SEM image of discharged electrode (46 mA/gC). Image corresponds to a gravimetric 
capacity of 4240 mAh/gC obtained with a lower voltage cutoff of 2.0 V vs. Li. 
 
Figure 3.9. (a)-(d) SEM image of discharged electrode (46 mA/gC) to a gravimetric capacity of 
4240 mAh/gC obtained with a lower voltage cutoff of 2.0 V vs. Li.  (e) SEM image of a large 
toroid particle from an electrode discharged (100 mA/gC) to a gravimetric capacity of 3900 
mAh/gC obtained with a lower voltage cutoff of 2.0 V vs. Li.   
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Figure 3.10. (left) Cross section SEM image of a carbon nanofiber electrode after fabrication 
and (right) a cross section SEM image of an electrode discharged (63 mA/gC) to 7200 mAh/gC 
obtained with a lower voltage cutoff of 2.0 V vs. Li, showing the monolithic mass of Li2O2 
formed after particle coalecence. 
Figure 3.11. Cross section image of a carbon nanofiber electrode discharged (59 mA/gC) to a 
gravimetric capacity of 5276 mAh/gC. Red circles indicate three toroid particles merging into a 
single particle. 
 
Figure 3.12 Cross-sectional SEM of an electrode discharged at 511 mA/gC with a lower voltage 
cutoff of 2.0 V vs. Li.  The image corresponds to a gravimetric discharge capacity of 3560 
mAh/gC (879 mAh/gdischarged). The electrode morphology is characterized by a dense discharge 
product near the AAO surface, but a very low-density morphology near the top of the carpet.  
CNFs are conformally coated with comparatively smaller particles than particles observed at low 
discharge rates (46 mA/gC). 
 
Figure 3.13 (a) Left: First-cycle performance of CNF electrodes discharged/charged at 
galvanostatic currents of 43, 261, and 578 mA/gC, corresponding to geometric currents of 4, 26, 
and 66 µA/cm2. Right: Galvanostatic charge profile of CNF electrodes from OCV in O2- and Ar-
purged cells directly charged after cell assembly used to determine the electrolyte decomposition 
potential (~4.7 V vs. Li in O2 cells). (b) Ex-situ SEM cross-section of a CNF electrode 
discharged to 7200 mAh/gC at 63 mA/gC. Inset: Voltage profile during discharge. (c) Ex-situ 
SEM cross-section of a CNF electrode charged after discharge to 7100 mAh/gC at 132 mA/gC. 
Inset: Voltage profile during discharge/charge. 
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Figure 4.1. Voltage vs. capacity profiles of the first ten full cycles and the 11th discharge of a 
freestanding VACNT electrode cycled in an Ar glovebox. Inset: SEM image of an as-grown 
freestanding VACNT electrode at low and high (inset) magnification.22 
 
Figure 4.2. TEM micrographs of discharged and charged VACNT electrodes as a function of 
cycle number. Inset scale bars = 200 nm. 
 
Figure 4.3. TEM micrographs comparing the morphology between electrodes discharged on 1st 
cycle at 250 mA/gC to low (1000 mAh/gC, left) and high (4200 mAh/gC, right) capacity showing 
the increasing coverage of particles along the CNT sidewalls with increasing capacity. 
 
Figure 4.4. Radial profiles of electron diffraction patterns from cycled electrodes corresponding 
to the TEM micrographs in Figure 4.3. Vertical red and blue bars indicate positions of 
reflections in Li2CO3 and Li2O2 with heights indicating the intensity from XRD reference 
patterns. 
 
Figure 4.5. Bright field TEM micrographs of electrodes exhibiting disc morphologies upon 
discharge after cycling. Electrodes after (a,b) 2nd discharge at 250 mA/gC to 1000 mAh/gC, (c) 6th 
discharge at 250 mA/gC (5 previous cycles to 1000 mAh/gC capacity) to 5700 mAh/gC (2 V vs. 
Li), and 11th discharge (10 previous cycles to 1000 mAh/gC capacity) to 7000 mAh/gC (2 V vs. 
Li). 
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Figure 4.6. Schematic illustrating the morphological evolution of the discharge product during 
1st and higher cycle numbers and the corresponding influence on the charging voltage.  
 
Figure 5.1. SEM and TEM micrographs of Li2O2 particles on electrodes consisting of 
freestanding CNT carpets discharged at low and intermediate gravimetric rates. (a) SEM and (b) 
TEM micrographs of an electrode discharged at 10 mA/gC to 200 mAh/gC, with disc-shaped 
particles and bare CNT sidewalls. (c) SEM and (d) TEM micrographs of an electrode discharged 
at 90 mA/gC to 13,000 mAh/gC, with a high density of disc particles and a thin coating of 
discharge product present on the sidewalls of the CNTs. Insets: Higher magnification TEM 
images of the CNT sidewalls, indicated with a dashed yellow line, showing the (b) absence and 
(d) presence of small particles (scale bar = 20 nm).135 
 
Figure 5.2. TEM image of an electrode discharged at 100 mA/gC to 5600 mAh/g with a typical 
morphology for these conditions, consisting of small particles of non-uniform shape coating the 
sidewalls of the CNTs. (image width = 1 µm)135 
 
Figure 5.3. TEM images of electrodes discharged at 250 mA/gC to increasing depth-of-
discharge. (a) 1000 mAh/gC. (b) 4200 mAh/gC, and (c) 9800 mAh/gC showing an increasing 
coverage of equiaxed Li2O2 particles that precedes the growth of disc particles as seen in (c).135  
 
Figure 5.4. Evolution of the particle aspect ratio as a function of particle size for several 
gravimetric rates. Disc and toroid particles represent a continuum of shapes for Li2O2 particles. 
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As seen in both the graph and the SEM micrographs (i-iii), as particles grow larger in size, their 
aspect ratio, defined as the ratio of particle height, h, to particle diameter, d, increases.135 
 
Figure 5.5. Side-profile TEM images of disc particles discharged at (a) 50 mA/gC to 1000 
mAh/gC and (b) 90 mA/gC to 13,000 mAh/gC with yellow lines highlighting the location of 
discrete plates, which compose the microscale particle; insets show a lower magnification image 
of the particle. (c) Schematic illustration of the microscale shape evolution of Li2O2 particles 
indicating the role of plate splaying and additional plate nucleation in the transition from disc to 
toroid particles. 
 
Figure 5.6. Electron diffraction investigation of individual Li2O2 particles. (a) SEM and (b) 
bright-field TEM images of toroid particles formed electrochemically at 10 mA/gC to a 
gravimetric capacity of 1400 mAh/gC. (c) Simulated Li2O2 [001] zone axis (red and blue dots) 
superimposed over an experimental diffraction pattern for the particle pictured in (b). (d) Side 
view and top view schematics of a stack of crystallite plates, which compose the disc and toroid 
particles, indicating relevant crystal planes and directions for Li2O2 and the plate rotation axis, 
which is related to the arcs in the experimental diffraction patterns. 
 
Figure 5.7. Zone axis simulations for Li2O2 and Li2O. (a) [001] zone axis of Li2O2. (b) A single 
[112] Li2O zone axis, and (c) three overlaid [112] Li2O zone axes rotated 60-degrees with respect 
to each other. (d) Overlay of a single [001] zone axis of Li2O2 (blue) and three separate [112] 
zone axes of Li2O (red) showing the relationship between the two crystal phases after electron 
beam irradiation. 
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Figure 5.8. Summary of electron diffraction patterns exhibiting a (001) Li2O2 zone axis pattern. 
Diffraction patterns and corresponding bright-field TEM images for samples discharged at (a) 10 
mA/gC to 1400 mAh/gC, (b) 50 mA/gC to 1000 mAh/gC, (c) 50 mA/gC to 1000 mAh/gC, (d) 75 
mA/gC to 2000 mAh/gC, (e) 90 mA/gC to 13000 mAh/gC, and (f) 250 mA/gC to 3000 mAh/gC. 
 
Figure 5.9. Effect of electron beam exposure on Li2O2 particles showing the thermally induced 
formation of Li2O after extended electron beam exposure. Diffraction patterns after (a) 0 min 
(circled region indicates the magnified region in (k)), (b) 1 min,  (c) 2 min, (d) 3 min, (e) 4 min, 
(f) 5 min, (g) 6 min, (h) 7 min, and (i) 8 min (circled region indicates the magnified region in (l)).  
(j) Bright-field TEM image of the particle after 8 minutes of beam irradiation. Magnified regions 
of the diffraction pattern after (k) 0 min, and (l) 8 min of exposure indicating the position of Li2O 
(220) reflections, which appear only after extended electron beam exposure. 
 
Figure 5.10. Overlay of simulated diffraction patterns on an experimental pattern from a particle 
exposed to extended electron beam irradiation. Spots show the location of reflections for the 
Li2O2 [001] zone axis (blue) and Li2O [112] zone axis (three orientations) (red). The inset is an 
image of the particle after exposure (scale bar = 100 nm). 
 
Figure 6.1. (left) Partial set of potentiostatic current transients (absolute value of current) 
collected from cells discharged at a range of potentials. The data collected to-date is somewhat 
noisy, and further data collection will be needed to further investigate the observed trends. (right) 
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Potentiostatic current transients for electrodeposition of lead on a vitreous carbon substrate at a 
range of overvoltages.174  
 
Figure 6.2. Bright-field TEM images of electrodes discharged at (a) 2.6 VLi to ~5700 mAh/g 
(~55 hours), (b) 2.4 VLi to ~5000 mAh/g (~27 hours), and (c) 2.0 VLi to ~5000 mAh/g (~17 
hours). The insets are SAED patterns with characteristic Li2O2 ring patterns. 
 
Figure 6.3. Bright-field TEM images of two electrodes discharged at 2.0 VLi to (a) 5000 
mAh/gC, and (b) 15,000 mAh/gC. The number and size of the particles covering the CNT surface 
increases as a function of capacity, suggesting a progressive nucleation regime even at large 
overvoltages. 
 
Figure 6.4. Schematic diagram of the radially-symmetric diffusion zones surrounding the 
growing nuclei with different concentration gradients near the particle (spherical diffusion) and 
far from the CNT axis (semi-infinite cylindrical diffusion). Figure adapted from Scharifker et 
al.175 
 
Figure 6.5. Current transient output for different values of the product A (#/cm/s). Experimental 
values used in this model are DO2 = 4e5 cm2/s, c0 = 0.00876 M (O2 in DME),7 aCNT = 500 m2/gC, 
rCNT = 4 nm (from TEM measurements).  
 
Figure 6.6. Cross-section SEM image of a discharged CNT electrode (50 mA/gC, to 1000 
mAh/gC), showing uniform distribution of similarly sized disc particles. 
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Figure 6.7. Schematic showing the geometry for an infinite hollow cylinder of Li2O2, which 
surrounds a CNT. a and b are the inner and outer radii of the cylinder, respectively. 
  
Figure 6.8. Gravimetric current transient under conditions of electronic transport limitations, 
shown as a function of overvoltage. 
 
Figure 6.9. Potentiostatic current transient for a sample discharged at 2.0 VLi, to ~5000 mAh/gC 
(grey dots) compared to model output (red line) using the conductivity of Li2O2 as a fitting 
parameter, which was found to be 8.5 x 10-13 S/m.  Other model parameters were: aCNT = 500 
m2/gC, rCNT = 4 nm, 𝜙a = 0.76 V. 
 
Figure 6.10. Schematic representation of two overlapping hemispherical particles on a planar 
substrate. An expression for the true coverage of a slice of the growing particle array at height, h, 
can be calculated through the application of a Johnson-Mehl-Avrami analysis and this expression 
can be integrated over the thickness of the growing particles to find the volume/area as a function 
of time. Adapted from Bosco et al.187 
 
Figure 6.11. Schematic showing the axial (left) view of a CNT onto which two independent 
particles have nucleated and grown together. A Johnson-Mehl-Avrami analysis can be performed 
on a cylindrical slice, coaxial with the CNT, with arbitrary radius, r*. This expression can be 
integrated from the CNT radius to the outer radius of the largest particle, r(t,0), as depicted in the 
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radial (right) view, to find the extent of the three dimensional macrogrowth along the CNT 
length. 
 
Figure 6.12. Characteristic Johnson-Mehl-Avrami behavior for the extended, Sext,r*, and true, Sr*, 
area fractions of cylinders of radius r*. 
 
Figure 6.13. Schematic representation of the gravimetric current density as a function of the 
product of the nucleation rate, Ṅ, and the axial growth rate, ĠL. 
 
Figure 6.14. Experimental potentiostatic current transients collected at a range of voltages. The 
dashed lines indicate the electronically-limiting current density, as calculated using the model, 
for overvoltages of 0.06 V (2.7 VLi), 0.11 V (2.65 VLi), and 0.16 V (2.6 VLi), which roughly 
replicate the magnitude of current observed in experiments.  
 
Figure 6.15. Experimental current transients compared to the output of the model (green lines), 
under the assumption that the radial and axial growth rates are equal, for nucleation rates, Ṅ, of 
2x109 (# cm-2 min-1), 2x1010 (# cm-2 min-1), 8x1010 (# cm-2 min-1), and 5x1012 (# cm-2 min-1) 
corresponding to overvoltages of 0.06 V, 0.11 V, 0.16 V, and 0.36 V respectively. 
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Figure 6.16. Relationship between the extracted nucleation rate and overvoltage for 
experimental potentiostatic current transient experiments. The nucleation rate was found to vary 
exponentially with overvoltage as is expected from theory. 
 
Figure 7.1. Periodic table highlighting materials for which ALD deposition has been 
demonstrated. (Reproduced from Argonne National Laboratory)190 
 
Figure A.1. Comparison to other reports from the literature of conduction in aligned carbon 
nanotubes; conductivity plotted versus volume fraction CNTs.133 
 
Figure A.2. Sample fabrication process: a) Removal of monolithic nanotube carpet from growth 
substrate followed by mechanical densification; b) Composite infiltrated with RTM-6 epoxy via 
capillary induced wetting; c) AFM micrograph of the composite surface after mechanical 
planarization to ~ 2 nm surface roughness; d) Sputter deposition of metal pad array and a 
continuous ground plane; e) Optical micrograph (top-view) of the metal pad array; f) Cross 
section TEM micrograph of Pt/PNC interface; Inset: SEM micrograph of Pt/PNC interface with 
the same orientation as the TEM image.  CNTs are shown collimated but are wavy as reported 
and quantified elsewhere.133 
 
Figure A.3. Area normalized resistances, (Rmeasured⋅Ameasured), plotted as a function of composite 
thickness; trendline indicates the least squares fit to the data.133 
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Figure A.4. Histogram of the distribution of conductivity measurements across all composite 
heights after the extraction of the contact resistance. (n = 399); Inset: Optical micrograph of the 
composite surface after planarization and after metal pad deposition (image plane is orthogonal 
to the CNT axes) showing a typical epoxy-rich inhomogeneity (lighter contrast stripe intersecting 
the Pt pads), which formed during the epoxy infiltration process.133 
 
Figure A.5 Composite cross section schematic illustrating two scenarios for current flow, 
indicated with arrows: i) the calculated equivalent resistance is less than the measured shorted 
resistance, Rshorted, due to significant isotropic (spreading) current flow; ii) the calculated 
equivalent resistance is equal to Rshorted due to anisotropic (axial) current flow due to preferential 
conduction along the aligned CNTs.133 
 
Figure B.1. Schematic of the CDI process. (a) Feed water in CDI cell before voltage is applied. 
(b) Voltage is applied and ions begin to migrate according to the applied potential. (c) Electrodes 
become saturated with ions and desalinated stream is purged from the CDI cell. (d) After fresh 
feed water enters the cell, the applied voltage is partially reversed so that ions desorb from the 
electrodes resulting in brine that is discharged, and the next cycle begins.223 
 
Figure B.2. Generic schematic flow of the diffusion bond process for forming aligned CNT 
electrodes. Once grown, the CNT array is metalized using a physical vapor deposition technique. 
Following metallization, the array is brought into contact with a metal substrate and annealed to 
form a bond between the two layers. Once bonded the growth substrate can be removed. 
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Figure B.3. (a) Cu deposited on CNT carpets using sputter deposition (the EML of MTL) 
resulting in poor wetting of the CNTs and a resulting columnar grain structure. (b) Delaminated 
Cu film adhered to a metal substrate after diffusion bonding. (c) Top of the CNT carpet after Cu 
film delamination during diffusion bonding. 
 
Figure B.4. SEM images of e-beam deposited Au on an aligned CNT carpet showing conformal 
coating of the Au on the CNT surface, (a) Top-view (b) Cross section view. 
 
Figure B.5. Diffusion bonding process employed for fabrication of CNT CDI electrodes. (a) 
Fabrication process flow and assembly into a pressure jig. (b) Thermal profile used to bond the 
CNT array to a Au-coated Ti current collector.223 
 
Figure B.6. (a) Transmission electron micrograph of a typical multiwall CNT produced via CVD 
comprised of 3 walls. Scale bar: 5 nm. (b) Cumulative distribution of MWCNT wall number. (c) 
Cumulative distribution of the CNT inner (red circles) and outer (blue squares) diameters. (d) 
Transferred CNT electrode fabricated with the 1 x 1 cm2 CNT carpet sits at the center of the 3 x 
2 cm2 Ti current collector.223 
 
Figure B.7. CV curves for a CNT electrode with h = 21 µm for (a) 20 mM, (b) 50 mM, (c) 70 
mM and (d) 90 mM NaCl solution. The solid and dashed curves represent averaged CV behavior 
before and after potentiostatic testing, respectively. Scan rate: 30 mV/s.223 
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Figure B.8. Potentiostatically-measured capacitance normalized by electrode plan area, Ap, for 
(a) 𝜂o = 20 mM, (b) 𝜂o = 50 mM, (c) 𝜂o = 70 mM and (d) 𝜂o = 90 mM with step potentials of (red 
circles) 100 mV, (green triangles) 200 mV and (blue squares) 300 mV above the OCV. (e) 
Potentiostatic charging curves (h = 29 µm) at a step potential of 300 mV for (inverted black 
triangles) 𝜂o = 20 mM, (green triangles) 𝜂o = 50 mM, (blue squares) 𝜂o = 70 mM and (red circles) 
𝜂o = 90 mM.223 
 
Figure D.1. Disc Model used for estimation of specific current density for growth of Li2O2 on 
Li2O2 at low gravimetric current rates (mA/gC). 
 
Figure D.2. Particle height vs. particle radius data from SEM measurements for electrodes 
discharged at low rates (10 mA/gC) to various capacities. The red line indicates an exponential 
fit to the data, h(r) = Aexp(Br), where A = 17.3 nm and B = 0.0087 nm-1. 
Figure D.2. Particle height vs. particle radius data from SEM measurements for electrodes 
discharged at low rates (10 mA/gC) to various capacities. The red line indicates an exponential 
fit to the data, h(r) = Aexp(Br), where A = 17.3 nm and B = 0.0087 nm-1. 
 
Figure D.3. (left) Current densities on Li2O2 surfaces for samples discharged at low rates 
(10 mA/gC). (right) Ratio of current densities on the A2 and A1 surfaces as a function of the 
particle size. 
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Chapter 1. Introduction 
1.1 Motivation 
Improvements to energy storage devices can have a transformative effect on many sectors 
of our society. Already, the development of Li-ion batteries with improved energy storage 
capabilities have enabled the proliferation of portable electronic devices including laptop 
computers, tablet computers, and smartphones, which have changed the way we work and 
communicate with one another.1 Many sectors of society would be likely transformed by further 
improvements to battery storage, but widespread electrification of automobiles would have the 
potential to revolution transportation and also reduce the amount of greenhouse gas emissions 
released into the atmosphere if the source of electricity generation is renewable.  
 Presently, automobile electrification is complicated by the fact that existing battery 
technologies are unable to deliver high energy densities, which limits the effective range of an 
electric vehicle. Hybrid-electric vehicles (automobiles which combine a small internal 
combustion engine with a battery and electric drive train) are a bridge-technology to fully 
electric vehicles, since fully electric vehicles are currently limited by the energy density of their 
batteries and the resulting driving ranges. Figure 1.1 illustrates the problem facing vehicle 
electrification by comparing effective driving ranges provided by many existing and proposed 
battery technologies using the mass of the battery pack in the Nissan Leaf, which is a fully-
electric vehicle, as a point of comparison.2 The driving range of the Nissan Leaf is limited to 
roughly 160 km (~100 miles) using current Li-ion battery technologies, for which LiCoO2 is the 
most often used cathode material. Future advancements in Li-ion-based batteries are projected to 
deliver roughly 200 km (~125 miles) for a single charge, which may be acceptable for driving 
within cities, but far less than the range typically delivered by internal combustion engines (>300 
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miles). As shown in Figure 1.1, Li-Air batteries have the potential to increase the range of fully 
electric vehicles to something that is comparable to the range provided by internal combustion 
engines as shown in Figure 1.1. 
 
Figure 1.1. Practical specific energies for some rechargeable batteries, along with estimated 
driving distances and pack prices (Reproduced from Bruce et al.2). For future technologies, a 
range of anticipated specific energies is given as shown by the lighter shaded region on the bars 
in the chart for rechargeable batteries under development and in R&D. The values for driving 
ranges are based on the minimum specific energy for each technology and scaled on the specific 
energy of the Li-ion cells (140 Wh kg−1) and driving range (160 km or ~100 miles) of the Nissan 
Leaf.3 The prices for technologies under development represent targets set by the US Advanced 
Battery Consortium.4 
 
1.2 Introduction to Lithium Air Batteries 
The first demonstration of a Li-Air battery was made by K.M. Abraham in 1996,5 
although widespread interest in Li-air batteries is relatively recent.2,6 Li-Air batteries (or more 
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appropriately, Li-O2 batteries) operate using a conversion reaction in which a new phase is 
deposited at the positive electrode during battery discharge. This is fundamentally different that 
the lithium ion intercalation reactions that occur at the anode and cathode of Li-ion batteries 
during battery cycling. During discharge in a Li-Air cell, molecular oxygen is reduced (oxygen 
reduction reaction, ORR) by electrons at the positive electrode during discharge and combines 
with Li ions to form lithium peroxide (Li2O2) solid discharge product with the reaction having an 
equilibrium voltage of 2.96 V vs. Li.7 The practical discharge voltages observed in Li-O2 cells 
range from 2.5-2.8 V vs. Li, depending on rate, and so it is important to note that the primary 
energy density advantage over Li-ion batteries is attributable to their significantly larger 
gravimetric energy densities, compared to Li-ion. During charge, the process is reversed and 
Li2O2 is decomposed into Li ions and molecular O2 (oxygen evolution reaction, OER). A 
schematic of the discharge and charge processes is shown in Figure 1.2. More specific reaction 
pathways will be discussed later. 
 
Figure 1.2 Operating principle of a Li-O2 cell during discharge and charge processes. 
(Reproduced from Lu et al.7) 
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Li-O2 cells are being investigated in a variety of cell architectures depending on the type 
(aprotic or aqueous) of electrolyte used. In an aprotic (non-aqueous) cell the overall reaction 
involves the formation of Li2O2 and the anode (typically Li metal) is in direct contact with the 
electrolyte as shown in Figure 1.3.8 Deposition of Li2O2 occurs at an air cathode, which is 
typically composed of a porous carbon electrode, flooded with electrolyte, and externally in 
contact with a gas phase containing O2. Aqueous electrolytes are advantageous since the 
discharge product formed at the air cathode (LiOH) is soluble in H2O, thus preventing pore 
clogging, hindering the diffusive transport of reacting species, which may serve to lower the 
obtainable energy density in aprotic configurations. However, use of an aqueous electrolyte will 
require the use of a Li+ permeable membrane between the Li metal anode and the rest of the 
battery since Li metal will react exothermically with H2O.8 Other configurations including solid-
state electrolytes and mixed aprotic/aqueous systems are schematically shown in Figure 1.3. The 
work summarized in this thesis focuses exclusively on the use of Li-O2 cells containing aprotic 
electrolytes. 
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Figure 1.3. Different architectures of Li-O2 batteries, which all assume the use of a lithium metal 
as the anode. The three liquid electrolyte architectures are aprotic, aqueous, and a mixed aprotic-
aqueous system. In addition, a fully solid state architecture is also given. Principal components 
are as labeled in the figure. Spontaneously occurring SEIs on the lithium anode are given as 
dashed lines, while artificial SEIs are given as solid lines. (Reproduced from Girishkumar et al.8) 
 
The theoretical gravimetric energy density limit can be calculated for the formation of 
Li2O2 in the absence of electrode material (i.e. forming unsupported Li2O2), which will decrease 
the observed gravimetric energy density when considered. The theoretical capacity can be 
calculated using the following expression, 
ρLi2O2
* =
nF
MLi2O2
=
2(28801 mAh/mol)
45.881 g/mol = 1168 mAh/g ,
 
 37 
which is a variation of Faraday’s Law, where, MLi2O2, is the molar mass of Li2O2, n, is the 
electrons/molecule Li2O2, and, F, is Faraday’s constant in units of mAh/mol. The gravimetric 
energy density can be found by multiplying the discharge voltage (2.75 V vs. Li)9 by the 
gravimetric capacity, yielding 3212 Wh/kgLi2O2. Figure 1.4, from a recent review of Li-O2 
batteries,9  compares, various reports of Li-O2 battery performance from the literature for a 
variety of electrode materials, showing that it is now possible to achieve ~55-85% of the 
theoretical energy density of Li2O2 formed without a binder, corresponding to energy densities of 
roughly 1800-2800 Wh/kgLi2O2. Further, it is worth noting that the energy densities reported in 
Figure 1.4 represent calculations for the positive electrode in a Li-O2 cell at the end of discharge, 
taking into consideration the mass of the discharge product formed and the mass of the electrode 
material. This approach represents a conservative estimate for the gravimetric energy advantage 
over Li-ion batteries (3-5x improvement), whereas exclusion of the mass of the discharge 
product electrode can lead to misleading reports of the energy density advantage, reported to be 
as high as 20x, by some researchers.8 
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Figure 1.4. Ragone plot (from Lu et al.9) comparing gravimetric energy and power of Li-ion  
(LiCoO2,10 LiFePO4,10 and LiNi0.5Mn0.5O211) and Li-O2 positive electrodes12-16 reported to date 
tested in non-carbonate electrolytes. Li-O2 electrodes include Vulcan Carbon (VC),14 carbon 
nanofibers (CNF),15 Super P carbon,13 freestanding hierarchically porous carbon (FHPC 
graphene),16 and pristine Na0.44MnO2 nanowires/ Ketjen Black (P-Z-MnO2/KB).12 The Li-O2 
values were normalized to the weight of the electrode in the discharged state (C + Li2O2 or C + 
catalyst + Li2O2, excluding binder) and were calculated based on the reported average discharge 
voltage and total gravimetric capacity (for energy) or current (power). The upper limit in the 
gravimetric energy of Li2O2 was calculated assuming a discharge voltage of 2.75 VLi. 
 
A more complete comparison between Li-O2 and Li-ion batteries (LiCoO2) has been 
made recently,9 which shows the influence of the type of negative electrode on the gravimetric 
and volumetric capacity, and is reproduced in Figure 1.5. In this figure, metallic lithium and 
carbon (graphite, C6),17 were both considered as negative electrodes (anode). For the case of the 
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metallic lithium electrode, a 2x excess lithium mass was considered, since previous experience 
has demonstrated that excess lithium is required for metallic negative electrodes due to the 
inefficiencies inherent in the cycling process (i.e. the deposition of lithium on the negative 
electrode upon charging the cell). As shown, when using a metallic lithium negative electrode, 
the gravimetric energy enhancement in Li-O2 batteries is roughly 2x, which is less than when 
comparing the positive electrode performance only. When considering the use of a standard 
carbon electrode the energy enhancement from Li-O2 is much less (factor ~1.2), demonstrating 
the advantage of using a high capacity anode material in Li-O2 cells. Metallic lithium is 
inherently dangerous as anode material since violent exothermic reactions are possible without 
proper electrode passivation schemes to prevent Li reaction with H2O or formation of metallic 
lithium dendrites shorting the anode and cathode. For this reason it would be advantageous to use 
a high capacity anode material, such as Si (4200 mAh/gSi18 compared to 372 mAh/gC), in a Li-O2 
cell.  
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Figure 1.5. Estimated gravimetric and volumetric energy density of LiCoO2 and O2 (Li2O2) as 
the positive electrode coupling with carbon (C6) or Li as the negative electrode. The cell voltages 
used for C-LiCoO2, C-air, Li-LiCoO2, and Li-Li2O2 are 3.7 V, 2.45 V, 4.0 V, and 2.75 V, 
respectively. Neither catalyst, carbon nor electrolyte were included in the calculation for air cells. 
Two times excess lithium is used for the lithium negative electrode. . Detailed calculations and 
assumptions for theoretical energies, along with the original figure can be found in Lu et al.9 
 
Comparisons of volumetric energy density between Li-ion and Li-O2 cells (Figure 1.5) 
show that Li-ion has a slight volumetric energy advantage over Li-O2 batteries and this design 
constraint must be understood when considering whether Li-O2 batteries would be beneficial for 
a given application. Further, since Li2O2 forms during discharge at the positive electrode, the 
void volume of the electrode and the Li2O2 deposition process must be well controlled to 
maintain a favorable volumetric energy density in the Li-O2 cell. The role of electrode 
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morphology and the deposition of Li2O2 during discharge is a central problem addressed in this 
thesis. 
1.3 Challenges Facing Lithium Air Batteries 
The development of practical Li-O2 cells will require many problems to be overcome 
related to various components of the battery, as summarized in Figure 1.6. While the use of Li 
metal as anode material is advantageous because of its high energy density, Li metal can be 
highly dangerous due to the well-known problem of dendrite formation during repeated 
cycling,19 as well the dangers related to exposure to H2O vapor, requiring passivation of the 
metal surface, as has recently been investigated by PolyPlus.20 
 
 
Figure 1.6. Schematic indicating the various challenges facing the development of practical Li-
O2 cells.9 
 
Another key issue is addressing the stability of the various components, which comprise 
the Li-O2 cell. Electrolyte stability has been identified as a significant issue as electrolyte 
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decomposition during cycling has been shown to limit the cycle life of Li-O2 cells.21,22 Despite 
early use of propylene carbonate (PC), by Abraham et al.5 and others, in recent years several 
studies have shown that carbonate-based electrolytes are unstable in the air electrode.21,23 The 
lithium super oxide O2-, which is generated during discharge reacts with the electrolyte to form 
Li2CO3 and lithium alkyl carbonates.19,21 Upon realization of this limitation, subsequent studies 
have primarily focussed on the use of ether based electrolytes, such as dimethoxyehane (DME), 
which have been shown to be stable on first discharge, allowing the deposition of Li2O2,7,21,24 as 
verified with x-ray diffraction (XRD). Despite the widespread adoption of ether electrolytes, 
including DME, some stability issues have also recently been found to exist in this electrolyte 
system.21,22 Beyond issues related to electrolyte stability, it has recently been demostrated that 
Li2O2 is unstable on carbon surfaces; in this study, by McCloskey et al.,25 isotopically labeled 
(C13) carbon from the electrode was found to be present in CO2 evolved during charing, 
suggesting that Li2CO3 forms at the Li2O2 interface. This insight suggests that carbon will likely 
be replaced or passivated in future electrode designs, as discussed in Chapter 7.  
In addition to electrolyte and electrode instability issues, several other issues face 
practical Li-O2 cells. First the round trip efficiency of Li-O2 cells is around 70%, which is 
significantly lower than the roundtrip efficiency of Li-ion batteries (~95%). The poor round trip 
efficiency is due to large overpotentials required upon discharge and charge. Additionally, the 
geometric current densities reported for Li-O2 cells in the literature are on the order, 0.1-1 
mA/cm2, versus roughly 30 mA/cm2 for Li-ion batteries.26 The geometric current density is a 
critical metric for developing practical batteries, since it will dictate the required size of the 
battery assembly. In addition to low rates and poor round trip efficiency, the reported cycle 
lifetime for Li-O2 cells is limited to ~100 cycles, much less than the ~5000 cycles achievable in 
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Li-ion cells. These issues, which are related to the stability of the cell (electrolyte, electrode, etc), 
require fundamental investigations of the oxygen reduction reaction (ORR) and oxygen 
evolution reaction (OER) processes, as well as the design and optimization of the electrode 
structure to enable the realization of practical Li-O2 cells. 
 
1.4 Discharging in Li-O2 Cells  
The reaction mechanism in Li2O2 cells is complex and not fully understood at present. It 
is well known that oxygen reduction in the presence of large metallic cations in aprotic solvents 
leads to the formation of O2- intermediate species via a one electron process.27 It has been 
suggested that in the presence of Li+, LiO2 (lithium superoxide) forms as an intermediate species 
that is unstable and subsequently disproportionates to Li2O2.9,27 This is further supported by Peng 
et al. having observed LiO2 intermediate species using surface enhanced Raman Spectroscopy 
during ORR in aprotic solvents.28 A number of recent studies29-32 have investigated the potential 
role of catalysts during ORR, which have the potential to lower energetic barriers during 
discharge, improving the round trip efficiency. However, since Li2O2 forms as a conversion 
reaction during discharge, passivation of catalyst surfaces could limit their overall efficacy 
beyond the first few monolayers. 
1.4.1 Discharge Product Structure 
The discharge product in Li-O2 cells has been largely reported to be composed of 
crystalline Li2O2 as determined from XRD studies, 7,21,24 although the crystal structure has not 
been extensively investigated. Fehér33 and Foeppl34 first characterized the crystal structure of 
Li2O2 in the 1950’s and assigned the structure to the P-6 space group. Further refinements by 
Cota et al.,35 using density functional theory, found that the crystal would be better represented 
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by the more symmetrical P63/mmc space group, with the crystal structure shown in Figure 1.7, 
which is more similar to the structure proposed originally by Foeppl than the structure proposed 
by Fehér. Subsequent experimental studies, which highlighted potential errors in the DFT 
calculations of Cota et al., suggest that the crystal structure indeed belongs to the P-6 space 
group originally proposed by Foeppl.36 While the P63/mmc and P-6 structures are very similar, 
the lack of a center of symmetry in the P-6 space group will affect some crystal properties, such 
as piezoelectricity, as discussed in Chapter 5. Regardless of the precise structure of the Li2O2 
crystal, this hexagonal crystal is composed of layers of Li and O atoms with O-O dipoles aligned 
parallel to the crystal c-axis.  
 
 
Figure 1.7. DFT Optimized Li2O2 crystal structure as determined by Cota et al.,35 corresponding 
to the P63/mmc space group. 
 
For Li-O2 cells assembled in non-carbonate electrolytes, many groups have reported 
gravimetric capacities of thousands to ~10,000 mAh/gC.37-40 Ex situ scanning electron 
microscopy has revealed that Li2O2 can form as large particles with diameters on the order of ~1 
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µm in size in a wide range of electrode/electrolyte combinations including CNFs/LiClO4 in DME 
(Figure 1.8a),15 Vulcan carbon and Au/C in LiClO4 in DME,14 Ketjen black/LiTFSI in DMSO 
(Figure 1.8c),41 freestanding hierarchically porous carbon (graphene)/LiTFSI in DME (Figure 
1.8d),16 carbon black /LiPF6 in TEGDME,42 and carbon black and acid-leached NaMnO2 
nanowires/LiPF6 in TEGDME.12 reports of Li2O2 particles in the literature have a characteristic 
toroid/disc shape as first reported by us (Figure 8a).24 The observation of these particles in a 
variety of electrode/electrolyte combinations suggests that this shape is inherent to Li2O2 
microscale particles and not a byproduct of a side reaction occurring in parallel with Li2O2 
deposition. The shape evolution of these particles will be addressed in Chapters 3 and 5. 
 
Figure 1.8. Summary of morphologies reported by Lu et al.9 (a) Discharge morphology of Li2O2 
in CNF electrodes discharged to 2.0 V vs. Li at 46 mA/gC (4240 mAh/gC) and (inset) 100 mA/gC 
(3900 mAh/gC).15 (b) Li2O2 discs formed in VACNT electrodes upon discharge at 90 mA/gC to 
~13,400 mAh/gC.43 The electrolyte in both cases was 0.1 M LiClO4 in DME. (c) Discharge 
morphology of a Ketjen black electrode in 1 M LiTFSI in DMSO after discharge at 0.05 mA/cm2 
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to ~9400 mAh/gC.41 (d) Discharge morphology of a freestanding hierarchically porous carbon 
(graphene) electrode after discharge at 0.2 mA/cm2 to 11,000 mAh/gC in 1 M LiTFSI in DME.16 
 
The reports of Li2O2 particles with complex microscale shapes is in contrast to theoretical 
Wulff shape calculations conducted by others44-46 and summarized in Figure 1.9. The reported 
Wulff shapes, which are composed of crystal faces that minimize the total surface energy, are 
characterized by large (001) surfaces. Chapter 5 will discuss in detail the relationship between 
these theoretical calculations and the microscale particles observed in ex situ SEM and TEM 
investigations of the particle structure. While the microscale Li2O2 particles generally form upon 
discharge at low gravimetric rates (<200 mA/gC) and grow larger with increasing gravimetric 
capacity, it is difficult to directly compare results reported in the literature since a wide variety of 
carbon materials with differing specific surface areas are used. The specific surface area will 
dictate the true specific surface current on the electrode and Li2O2 surfaces and will influence the 
nucleation and growth process, as discussed in Chapter 6. 
 
Figure 1.9. DFT-calculated Wulff shapes for Li2O2 under (a) equilibrium conditions at 300 K 
and 1 atm,45 and (b) in the limit of the most oxidizing (oxygen rich, left) and reducing (oxygen 
poor, right) environments for Li2O2. The scale bar shows surface energies in meV/Å2.47 
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1.4.2 Polar Surfaces of Li2O2 
Li2O2 is a type II ionic crystal in the classification system of Tasker,48,49 which proposes 
that the polar behavior of certain crystal structures, such as those of Li2O2, will be dictated by 
their surface terminations. The left side of Figure 1.10 shows a schematic diagram of the 
P63/mmc crystal structure of Li2O2 looking down the <100> crystal axis, orthogonal to the 
<001> axis, indicating the position of a unit cell terminated on O atoms. The non-symmetric 
displacement of Li cations and O anions in the unit cell indicates that this structure will exhibit 
polar behavior. Conversely, Li terminations will lead to a non-polar character as indicated in 
Figure 1.11. The polar nature of Li2O2 will likely influence the microscale shape evolution 
process (See Chapter 5) and Li2O2 surfaces are suspected to be polar based on theoretical 
calculations of surface energy.45 
 
 
Figure 1.10. (left) Li2O2 crystal structure looking down the <100> crystal axis and orthogonal to 
the <001> axis. Shading indicates the position of a unit cell terminated on a plane of O anions. 
The non-symmetric alignment of anions and cations in the unit cell indicates that the crystal will 
display polar behavior with an O (001) surface termination. 
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Figure 1.11. (left) Li2O2 crystal structure looking down the <100> crystal axis and orthogonal to 
the <001> axis. Shading indicates the position of a unit cell terminated on a plane of Li cations. 
The symmetric alignment of anions and cations in the unit cell indicates that the crystal will 
display non-polar behavior with a Li (001) surface termination. 
 
1.4.3 Electronic Conduction in Li2O2 
The nature of electrical conductivity in Li2O2 has not been fully investigated 
experimentally,50 but is thought to play an important role by influencing the performance (i.e., 
required overpotentials) at high discharge and charge rates, and the resulting morphologies of 
discharge products.51 Reported density functional theory (DFT) calculations45,52-54 have yielded 
important insights into the electronic properties of Li2O2. Several studies have predicted that bulk 
stoichiometric Li2O2 is an insulator with a large (> 2 eV) band gap,45,52-54 as shown schematically 
in Figure 1.12. However, DFT calculations have also intriguingly suggested the possibility of 
alternative conduction pathways that may exist in Li2O2, which could impart higher conductivity 
than expected of a bulk stoichiometric insulator. For instance, lithium vacancies present in either 
the bulk, surface, or grain boundaries are predicted to lead to available states in the valence band 
enabling hole conduction,53 although the magnitude of this conduction mechanism is not known. 
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In addition to the possible contribution of lithium vacancies on the surface or in the bulk to 
conductivity of Li2O2, several groups have suggested that the presence of electron55 or hole54 
polarons in Li2O2 could also mediate bulk electronic conductivity. These findings suggesting 
electronically conductive pathways in Li2O2 appear to be in agreement with the fact that large 
toroid-like particles with sizes up to ~1 µm have been observed to form in a range of 
electrodes/electrolytes (non-carbonate based) to date,14,15,41,42,56,57 which indicates that the 
electronic conductivity is at least sufficient (i.e., not insulating) to sustain the electrochemical 
reduction of oxygen on the particle surfaces through thick deposits of Li2O2 at relatively low 
rates (typically below ~0.1 µA/cm2true14,15,42,56). However, electronic conductivity may still 
present significant limitations, particularly at higher rates. For instance, Viswanathan et al.50 
observed significant resistive voltage losses with increasing thickness (~0.1 V/nm) through Li2O2 
films formed on a glassy carbon electrode at relatively high current (1 µA/cm2GC) up to ~5 nm, 
after which the film was found to be completely passivating. Given the several different 
conduction mechanisms proposed based on DFT calculations and different morphologies 
observed at low and high current regimes, additional experimental investigations could yield 
important insights into the electronic nature and limiting behavior during discharge and charge 
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Figure 1.12. Summary of theoretical calculations of the density of states for Li2O2 calculated 
using four different methods. Reproduced from Radin et al.46 
 
1.5 Charging in Li-O2 Cells 
The mechanism of charging (OER) in Li-O2 cells is critically important to understand 
since incomplete charging and/or chemical instabilities (electrode and/or electrolyte) related to 
the charging process are responsible for the poor cycle stability observed. Further, the charging 
process is characterized by large required overvoltages, which reduce the round trip efficiency of 
the Li-O2 battery. During charging Li2O2 is decomposed and oxygen is evolved. Low charging 
voltages have been reported to be between 3.0 and 4.0 V vs. Li, on Vulcan carbon electrodes at 
low gravimetric capacities with no effect of catalysts.58 However most studies7,22,24,37 report 
higher voltages (i.e. higher overvoltages) during charge with a pronounced effect from catalysts, 
although these reports indicated significantly larger capacities, highlighting the possible role of 
capacity or Li2O2 thickness on the charging process, which is explored in a recent review.9 Issues 
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related to chemical instability of Li2O2 on the electrode surface, resulting in the formation of 
Li2CO3 and its effect on charge, are addressed in a study summarized in Chapter 4. 
1.6 Electrode Structures 
The conversion reaction involved in Li-O2 discharge, resulting in the formation of a new 
phase, presents additional problems for electrode design that are not faced in Li-ion intercalation 
reactions. Despite the gravimetric energy density advantage of Li-O2 over Li-ion batteries, the 
volumetric energy density of Li-O2 is predicted to be roughly equal to that of Li-ion batteries, 
and in order to maintain the volumetric energy density parity between Li-ion and Li-O2, efficient 
use of the electrode void volume (i.e. ideally filling all available void space in the electrode with 
the depositing Li2O2 during discharge) is required. If the deposition process is not controlled, 
there will be voids in the discharge product that will serve to decrease the effective volumetric 
energy density.  
The air cathode electrode serves two roles in the Li-O2 battery: 1) Provides a conductive 
pathway for electrons travelling to the reaction sites, and 2) physically supports and 
accommodates the depositing phase during discharge. In order to maximize volumetric energy 
density, an ideal discharge would involve deposition of dense Li2O2 discharge product on a 
surface without any interpenetrating electrode structure. However, there are significant electronic 
conductivity issues, as previously highlighted, that limit the thickness and deposition rate of 
Li2O2 during discharge. In order to support reasonable deposition rates high surface area 3D 
mesoporous carbon electrodes have been employed, which have been composed of a variety of 
carbon materials such as carbon black, Vulcan carbon, etc. Morphologically, these electrodes 
consist of agglomerates of carbon particles with < 100 nm particle diameter as shown, for the 
case of Vulcan carbon, in Figure 1.13. The void volume of these electrodes is on the order 
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~60%7 and due to the electrode fabrication processes, the void volume cannot be easily 
controlled. Further, the pore structure is not ordered, which will result in smaller effective 
diffusivities due to the meandering nature of the interpore passageways.59,60 The unordered 
mesoporous nanostructures used in Li-O2 electrodes also lead to complications in modeling of 
the discharge behavior due to the complicated structure of these electrodes. In part, this thesis 
explores the use of ordered arrays of carbon nanofibers and nanotubes, which address some of 
the issues inherent to mesoporous materials. 
 
 
Figure 1.13. (a) SEM and (b) TEM images of Vulcan carbon showing the typical micro- and 
nanoscale morphologies of mesporous carbon materials. Reproduced from Lu et al.7 
 
Carbon nanotube and nanofiber arrays can address many of the issues associated with the 
use of mesoporous carbons as electrodes in Li-O2 cells. Further, electrode arrays can more easily 
serve as a model system for studying the nucleation and growth of Li2O2 during discharge 
because of the well-defined and easily modified morphology, (e.g. specific surface area, inter-
tube spacing and void volume). The structure of an aligned carbon 1D carbon nanostructure 
electrode is shown in Figure 1.14. Carbon nanotubes and fibers have a variety of desirable 
properties, which are further summarized in Chapter 2. Among these favorable properties is an 
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extremely high electronic conductivity, which can easily allow transport of electrons to the large 
surface areas of these versatile nanomaterials.61 Additionally, the pore structure in the carbon 
nanostructure array is aligned, which facilitates fast Li+ and O2 diffusion in the electrolyte to the 
reaction sites on the sidewalls of the carbon nanotubes or fibers. This is especially advantageous 
because aprotic electrolytes are known to have low solubilities for O2 and low diffusivities for 
Li+ and O2 in solution.7 Lastly, the microstructure of aligned nanotubes and fibers can, in 
principle, be well controlled either through the synthesis process (e.g. catalyst control during 
chemical vapor deposition,62 as described in Chapter 2), or post-synthesis array manipulation 
(e.g. mechanical compression, as demonstrated by Wardle et al.63), which can be used to vary the 
inter-tube spacing and in turn the void volume to improve volumetric energy density. 
 
Figure 1.14. Cross section schematic highlighting the advantages of an air cathode comprised of 
aligned carbon nanotubes or nanofibers. Fast transport of O2 and Li+ is facilitated via the open 
pore structure and electron transport is enabled by the intrinsically high electronic conductivity 
of carbon nanotubes and fibers. The Li2O2 discharge product is formed on the sidewalls of the 
1D nanostructures during discharge. 
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1.7 Summary and Thesis Outline 
Li-O2 batteries can have the potential to provide a transformative energy storage 
technology with the potential to make fully electric automobiles a reality. However, many 
fundamental issues will need to be overcome related to stability of the battery components (e.g. 
electrode/electrolyte interactions), poor round trip efficiency, poor cycling performance etc. 
Further, the structure of the electrode and its role in the nucleation and growth of Li2O2 during 
discharge will need to be better understood in order to enable the design of Li-O2 batteries with 
reasonable volumetric energy densities. 
The use of carbon nanotube and nanofiber electrodes provides an opportunity to study the 
discharge product in Li-O2 cells and understand more fully the interplay between the electrode 
structure and the resulting deposited phase. This thesis covers the synthesis of aligned carbon 
nanostructured electrodes and their use in several studies, which have furthered the 
understanding of the operation and limitations of Li-O2 batteries. The thesis is separated into the 
following Chapters: 
• Chapter 1 provides an introduction to Li-O2 batteries and the current issues facing their 
implementation. 
• Chapter 2 summarizes the properties and synthesis processes used for the growth of 
aligned carbon nanostructure electrodes. This chapter discusses the design and 
optimization of a dual-zone chemical vapor deposition system for the growth of carbon 
nanotubes. 
• Chapter 3 summarizes the synthesis and application of binder-free aligned carbon 
nanofiber electrodes supported on a porous anodized aluminum oxide substrate, which 
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were shown to deliver roughly 75% of the theoretical gravimetric energy density of Li2O2 
due to the low carbon loading in this unique electrode design. Further, this chapter 
introduces the utility of aligned carbon nanostructures as a platform for conducting ex 
situ microscopy studies. 
• Chapter 4 discusses synthesis of freestanding aligned carbon nanotube electrodes and 
highlights their use in the investigation of chemical and morphological changes, which 
occur during electrode cycling. 
• Chapter 5 discusses the crystalline structure and microscale shape evolution of Li2O2 
disc and toroid particles, which form on the sidewalls of carbon nanotubes during 
discharge. Further, a TEM study is summarized, which served to elucidate the internal 
structure and growth mechanism of these large particles. 
• Chapter 6 discusses the results of kinetic modeling, which was employed to better 
understand the nucleation and growth of Li2O2 particles as a function of rate and 
capacity. 
• Chapter 7 summarizes the key findings presented in this thesis and proposes avenues for 
future studies. 
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Chapter 2. Carbon Nanotubes and Nanofibers: Properties and 
Synthesis 
2.1 Introduction 
Carbon nanotubes have been actively investigated for a variety of applications for over 
20 years, because of their many desirable properties including very high strength,64,65 exceptional 
current carrying capability,66,67 and high thermal conductivity.68 Additionally, carbon nanotubes 
are 1-dimensional materials with aspect ratios that can be greater than 106 and with extremely 
large surface-to-volume ratios due to their small diameters.61,69 
While carbon nanotubes may have first been produced decades ago as a byproduct of 
various materials’ synthesis processes,70 the first paper to specifically address the unique 
cylindrical structure of the carbon nanotube was published by Sumio Iijima (NEC) in 1991, in 
which he indentified the nanotube as a tube composed of graphitic carbon.71 Subsequent studies 
demonstrated that carbon nanotubes could be synthesized from transition metal catalysts using an 
arc discharge process, which further facilitated investigation into their properties and possible 
applications during the early years of CNT research. Later, processes for producing carbon 
nanotubes via chemical vapor deposition made possible applications in which arrays of aligned 
carbon nanotubes could be rapidly produced and investigated in a variety of new research areas, 
including those related to microelectronics and structural composites.72-74 
This Chapter will focus on the properties of carbon nanotubes and nanofibers as well as 
their synthesis via chemical vapor deposition (CVD). The CVD-based synthesis of CNTs on 
metallic substrates and the synthesis of freestanding carpets of aligned CNTs will be highlighted 
as these two processes form the basis for growth of carbon nanofibers on porous substrates and 
for the growth of aligned carbon nanotube electrodes, respectively, which were utilized in the 
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study of Li2O2 discharge product and discussed later in this thesis. Additional studies involving 
the use of aligned arrays of carbon nanotubes are discussed in Appendices A and B, describing 
their use in high-electrical conductivity polymer nanocomposites (PNCs) and as high surface 
area electrodes for capacitive deionization (CDI), respectively. 
 
2.2 Carbon Nanotube Properties 
2.2.1 Carbon Nanotube Structure 
Carbon is a very versatile element and there exists several different types of elemental 
carbon structures, which exhibit vastly different properties. Carbon has two distinct allotropes 
based on the type of bonding in the material.75 Diamond is an allotrope of carbon that crystallizes 
in the diamond cubic structure, which is characterized by tetrahedral coordination of carbon 
atoms and covalent sp3 hybridized bonding between atoms.76 The diamond cubic structure is 
shared by the other elemental semiconductors (Si and Ge). Diamond is a wide bandgap indirect 
semiconductor with a bandgap of 5.5 eV.77 The other allotrope of carbon is graphite, which is 
composed of layers of single atom thick hexagonally-coordinated carbon sheets. 2D single layer 
graphene,75 which has attracted much interest in recent years, forms the structural basis for 0D 
buckyballs, 1D carbon nanotubes, and 3D bulk graphite as shown in Figure 2.1. 
 58 
 
Figure 2.1. Carbon materials derived from monolayers of graphitic carbon.78 Single layer 
graphene (top) forms the basis for 0D buckballs (bottom-left), 1D carbon nanotubes (bottom-
middle), and 3D bulk graphite (bottom-right). 
 
The structure of carbon nanotubes can be visualized as a rolled-up sheet of monolayer 
graphene. Carbon nanotubes can either have a metallic or semiconducting band structure and the 
electronic structure is determined by the atomic structure of the CNT sidewalls, i.e. how the 
graphene sheet is rolled-up. The Chiral vector, describing the circumferential vector of the CNT, 
is represented by a series of indices (n,m), where the integers n and m represent multiples of the 
unit vectors in a graphene sheet as shown schematically in Figure 2.2. When m = 0, the 
nanotube is said to have a “zigzag” structure and when n = m the nanotube is described as having 
an armchair structure, corresponding to a metallic band structure. Zigzag nanotubes can be either 
metallic or semiconducting as shown schematically in Figure 2.2. Synthesis of CNTs, in which 
control is not exerted over the chirality of the tubes, results in one third of CNTs having metallic 
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character and two thirds of CNTs having semiconducting character. It should be noted that while 
the CNT structure can be described as that of a rolled graphene sheet, this is inconsistent with the 
way in which CNTs are synthesized, as will be discussed later. 
 
Figure 2.2. Graphene sheet schematically showing the resulting nanotube electronic structure 
based on the Chrial vector (dotted line) of the CNT.79 
 
Carbon nanotubes can exists as either single-walled (SWCNT) or multi-walled 
(MWCNT), the latter consisting of concentric nanotube shells.80 SWCNTs can have extremely 
small diameters (0.4 nm to 4 nm), whereas MWCNTs have been reported to have diameters 
ranging from 1 nm to >100 nm.81 The inter-shell spacing of MWCNTs is 0.34 nm, which is 
roughly the same interplanar spacing that is observed in bulk graphite. Carbon nanofibers have 
diameters typically larger than those observed in SWCNTs, but similar to those observed in 
MWCNTs. However, the tube structure is composed of a stack of concentric cones,82,83 as 
opposed to the concentric cylinders of a MWCNT, which leads to tubes composed of carbon 
edge planes instead of the basal planes observed in carbon nanotubes. This structure is show in 
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Figure 2.3. This surface structure difference between carbon nanotubes and fibers will likely 
influence the nucleation and growth of Li2O2. 
 
 
Figure 2.3. Schematic structure of carbon nanofibers and nanotubes. (a) stacked cone carbon 
nanofiber, and (b) concentric shell carbon nanotube.83 
 
2.2.2 Electronic Properties 
Carbon nanotubes have been extensively investigated for electronic applications because 
of their large current carrying capability and their quantum mechanical ability to conduct current 
ballistically.67 The band structure for a carbon nanotubes is related to the band structure for 
monolayer graphene, which is intrinsically a zero-gap semiconductor with the conduction and 
valence bands meeting at the Fermi Energy at six points (K-points) in the first Brillouin Zone as 
shown schematically in Figure 2.4. When the sheet is rolled, the 2D k-space dispersion is sliced 
into a series of allowed energies due to the confinement of electrons in directions orthogonal to 
the tube axis; if the slice in k-space intersects the K-points the CNT behaves as a metal, 
otherwise the CNT will have a finite bandgap and behave as a semiconductor.66 Despite the 
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semiconductor character of a majority of CNTs, the bandgap is proportional to the inverse of the 
CNT diameter,61 and the consequence of this fact is that there can be appreciable number of 
carriers excited across the bandgap at room temperature for larger diameter CNT shells, such as 
those that comprise the walls of a MWCNT. Further, since roughly, 1/3 of CNTs are metallic, it 
is likely that at least one of the shells in a MWCNT will be metallic and therefore the tube will 
have a metallic electronic character, assuming there is electrical contact to metallic shells. 
 
Figure 2.4. Energy dispersion for the first Brillouin Zone of single layer of graphene. Black lines 
show the allowed states for a (3,3) nanotube. Since the lines contact the K-points (location in k-
space where the valence and conduction bands meet, the (3,3) CNT is metallic.66 
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The reduced phase space for electron scattering, which is due to electron confinement and 
momentum conservation, is responsible for the extremely high conductance of CNTs,61 and their 
tremendous current carrying capability (109 A/cm2).84 Absent any scattering processes, 
conduction in CNTs occurs ballistically and the magnitude of the conductance entering or exiting 
a CNT is given by the Landauer equation,66,67,85 
G = 2 e
2
h Ti∑ = G0 Ti∑ ,
 
where 2e2/h is the quantum conductance, G0, and the sum term is the sum of transmission 
probabilities for each sub-band. The quantum conductance, G0, has a value of 7.7 x 10-5 S (the 
quantum resistance, R0 = 1/G0 = 13 kΩ). For the case of a metallic SWCNT, the sum term is 
equal to 2 (i.e. there are two sub-bands with transmission probability equal to 1) and the resulting 
resistance due to quantum mechanical processes is 6.5 kΩ. For carriers entering and exiting the 
CNT the total conductance that can be observed is twice this value (13 kΩ), which designates the 
lowest possible resistance that can physically be observed in a CNT.66 
Real CNTs suffer from scattering processes and additional contact resistances related to 
CNT/metal contacts, which increase the overall observed resistance, leading to a total resistance 
of, 
RCNT = RQ + RL + RContact , 
where RQ is the quantum resistance contribution (13 kΩ), RL is the scattering resistance, and 
RContact is the external contact resistance. Modeling of the scattering resistance, RL, is related to 
the mean free path, l0, (i.e. the path length for ballistic carriers in a CNT) through the following 
relation: 
R = h4e2
l
l0
⎛
⎝⎜
⎞
⎠⎟
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where l is the CNT length. The CNT mean free path has been observed to be greater than 1 µm 
in some cases,86 although the mean free path for CNTs synthesized using Chemical Vapor 
Deposition can be much less than this value as discussed in Appendix A with respect to the 
electrical properties of CVD-grown CNT arrays in polymer nanocomposites. 
Conduction in MWCNTs is governed by the structure of each of the constituent shells 
and has therefore been less fully characterized than the case of conduction in SWCNTs.67,87 
Further, because of their concentric-shell structure, conduction will be hindered in MWCNTs for 
which the external leads do not contact all conducting shells since the inter-shell conductance is 
known to be very high.88 Modeling of the electrical conduction in MWCNTs has been 
considered recently89 since this could have relevance for applications such as interconnect vias in 
integrated circuits. 
2.2.3 Synthesis 
Synthesis of carbon nanotubes was first accomplished using an arc discharge process, 
which was adapted from related processes used for synthesizing both carbon filaments and 
fullerenes (C60 buckyballs). In the arc discharge process carbon electrodes preloaded with a 
catalyst (e.g. transition metals) are heated in an inert atmosphere or vaccum and a large potential 
is applied between the adjacent anode and cathode carbon electrodes. When a plasma is struck 
between the electrodes, carbon decomposes and the embedded metals can catalyze the growth of 
CNTs. The major downside of this process is that the resulting CNT material must be separated 
from the byproducts of the decomposition process. Laser ablation is a similar synthesis process 
where instead of using a plasma, the carbon source is locally heated and decomposed using a 
high energy laser.90 Typical setups for laser ablation processing involve a carbon target, 
preloaded with catalysts, which is placed in a furnace that is upstream of a water-cooled target on 
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which carbon and catalyst vapor can condense after the synthesis. Both arc discharge and laser 
ablation are represented schematically in Figure 2.5. Despite early success, these processes 
suffer from low throughput and a required purification step and were therefore largely 
abandoned upon the advent of improved chemical vapor deposition (CVD) processes for the 
production of CNTs, which enabled a variety of new applications. 
 
 
Figure 2.5. Synthesis processes for CNT production. (Left) Arc discharge, which involves the 
decomposition of carbon electrodes in the presence of a plasma between two adjacent electrodes. 
(Right) Laser Ablation, which involves the decomposition of a carbon substrate using a high 
energy laser followed by condensation of catalysts and carbon on a water-cooled substrate.81 
 
2.3 Chemical Vapor Deposition 
Generally, Chemical Vapor Deposition (CVD) for the synthesis of carbon nanotubes 
involves the decomposition of a carbon precursor gas over nanoparticles that catalyze the growth 
of the CNTs. Materials used as catalysts include the transition metals (e.g. Fe, Co, Ni), with 
growth usually occurring in the range of 700°C to 900°C. While graphitic tubes can readily be 
produced at these temperatures, recent studies have investigated growth at significantly lower 
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temperatures (400°C to 450°C),87,91,92 since this is a precondition for CMOS compatibility and 
integration of vertical CNT interconnects74 into the backend of a semiconductor processing flow. 
Chemical vapor deposition requires an energy source to decompose the precursor gas species 
prior to catalysis and this energy is applied either thermally (e.g. in a hot-walled reactor,93 or 
when a hot-filament is placed in close proximity to the substrate,94 etc), or using a plasma in a 
plasma-enhanced CVD system.95,96 Figure 2.6 is a generalized schematic of a thermal chemical 
vapor deposition system. Thermal CVD is the most common type of CVD synthesis for 
nanotubes and it has been successfully utilized as a technique for growing CNTs that reach 
several millimeters in length,69,93,97 as shown in Figure 2.7. While the technique has found 
widespread adoption, the processing conditions (e.g. precursor chemistry, catalyst type, 
underlayer support, processing time/temperature) and equipment (e.g. reactor type and geometry) 
will have a significant impact on the resulting CNT structure and the literature is filled with 
myriad reactor-specific “recipes” for growing CNTs. The following discussion will focus on the 
general considerations for thermal CVD growth, with additional discussion reserved for the 
processes used for growing the CNTs and CNFs utilized as Li-O2 electrodes in the studies 
outlined in subsequent chapters. 
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Figure 2.6. Generalized thermal chemical vapor deposition system in which a carbon precursor 
gas is introduced into a hot-walled CVD system and catalyzed growth of CNTs occurs on 
substrate-supported nanoparticle catalysts.81 
 
 
Figure 2.7. SWCNT forest grown with water-assisted CVD (Hata et al.69). (A) Picture of a 2.5-
mm-tall SWNT forest on a 7-mm by 7-mm silicon wafer. A matchstick on the left and ruler with 
millimeter markings on the right is for size reference. (B) Scanning electron microscopy (SEM) 
image of the same SWNT forest. Scale bar, 1 mm. (C) SEM image of the SWNT forest ledge. 
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Scale bar, 1 mm. (D) Low-resolution TEM image of the nanotubes. Scale bar, 100 nm. (E) High-
resolution TEM image of the SWNTs. Scale bar, 5 nm.69 
 
Many models for the growth of CNTs from nanoparticle catalysts have been proposed 
and they tend to share similarities with the vapor-liquid-solid (VLS) technique, first reported in 
1964,98 which has found applications in recent years for the growth of semiconductor nanowires 
from Au and other catalysts.99,100 In analogy to the VLS model, carbon precursor molecules are 
adsorbed on the surface of the transition metal catalysts and once the surface and/or bulk of the 
particle becomes supersaturated with carbon, there is a driving force for the precipitation of a 
CNT. This growth process has been observed to occur in two different modes: base growth, 
wherein the catalysts remains adhered to the substrate throughout growth, and tip growth, 
wherein the catalysts detach from the substrate and are supported by the growing CNT.81 Models 
for the case of tip growth101 and base growth102 are shown schematically in Figure 2.8, in which 
the carbon precursor first decomposes on the catalyst surface, followed by surface diffusion to 
the growing CNT sidewalls after CNT nucleation. 
 
            
Figure 2.8. Schematics for models describing catalyzed growth of CNTs under conditions of 
(left) base growth, as proposed by Puretzky et al.,102 and (right) tip growth, as described recently 
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by Hofmann et al.,101 but originally proposed by Baker et al.,103 for the growth of carbon 
filaments. 
 
A variety of catalyst and gas precursor combinations have been explored throughout the 
years. While ferromagnetic metals (Fe,62,104-106 Co,107,108 and Ni109,110) are the most typically used 
catalysts for CVD growth, there have been a variety of reports in which other metals,111-113 
alloys,114 and even oxides115 have been claimed to catalyze the growth of CNTs. With respect to 
gas precursors, Ethylene (C2H4) is the most common gas reported in the 
literature.62,69,92,93,106,116,117 However, there exists a variety of reports in which Methane 
(CH4),118,119 and Acetylene (C2H2)120,121 have been explored as potential carbon feedstocks. 
Aside from the aforementioned precursors, other groups have also used CO,122 alcohol,123 and 
benzene124 as a carbon source in CVD. In addition to carbon precursors, Hata et al. showed that 
the addition of small concentrations of H2O vapor in the reactor gas flow can prolong the catalyst 
lifetime, leading to the growth of arrays of very long CNTs.69 The water vapor functions as a 
mild oxidizer allowing amorphous carbon deposits to be removed from the catalyst surface 
during growth.125 A subsequent study demonstrated that H2O could be formed in situ during 
growth through the reaction of O2 and H2 gases allowing fine control over the gas 
composition.126 
The interaction between the catalyst and substrate, combined with the processing 
conditions, influences the resulting CNT growth mode and the properties of the CNTs produced. 
Iron nanoparticles supported on Alumina (Al2O3) thin films have been shown to yield dense 
carpets of CNTs under a variety of processing conditions.62,69,93,116,120 In many of these reports, 
Fe and Al2O3 are deposited using physical vapor deposition (typically electron beam 
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evaporation) onto Si substrates,62,93 and prior to growth the substrate is annealed in a reducing 
ambient to reduce the Fe thin film, (which will have formed an oxide once in contact with the 
atmosphere) and facilitate film dewetting and island formation. Dewetting is a process in which a 
metastable thin film will reduce its interfacial energy by forming discrete island particles with 
hemispherical to spherical shapes wherein mass transport during dewetting is accomplished via 
surface diffusion.127,128 For the case of thin Fe films on Al2O3, it has been demonstrated62 that 
control of the time and temperature of the dewetting step can control the size and areal density of 
the catalyst particles and, in turn, the diameter and areal density of the CNTs grown. This is an 
important insight because it has been shown that CNT diameter is roughly equal to the catalyst 
particle diameter.109 Further, control of the areal density of the catalysts has been shown to be 
important for growing arrays of aligned CNTs since the grown CNTs require steric hindrance 
(i.e. physical support provided by inter-CNT contact) in order to remain aligned during growth, 
preventing the formation of short entangled carpets.92,117 
2.3.1 Synthesis of Carbon Nanotubes via Pre-Heated Thermal CVD 
During growth in thermal CVD the hydrocarbon precursor is dissociated into myriad 
decomposition products, including hydrogen, volatile organic compounds (VOC), and polycyclic 
aromatic hydrocarbons (PAHs).129 Since there are many different gas species present during 
growth the most important molecules required for CNT growth have not conclusively been 
identified despite years of investigation. However, it has been found that decoupling the gas 
decomposition process and the catalysis occurring on the nanoparticles can offer insights into the 
kinetics of CNT growth as well as offering a path towards lower temperature growth processes, 
potentially enabling CMOS integration.92 Hart et al. conducted a number of experiments using a 
novel CVD reactor with separate preheat and growth temperature zones,130 finding that the 
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temperature of the preheater can have a pronounced effect on the resulting CNT crystallinity as 
well as the catalyst lifetime, suggesting some of the species generated during gas phase 
decomposition can improve or hinder the growth of CNTs. Plata et al. studied the effect of 
specific gas species on the growth of CNTs by performing gas analysis of the exhaust stream 
from the CNT reactor correlated with the properties (height, crystallinity, etc) of the CNT carpets 
produced.129-132 
Nessim et al. found that preheating was an essential step for enabling growth of 
crystalline CNTs at low temperature on metal substrates. In this study, thin films of Fe (2 nm) 
were deposited on a Ta underlayer (30 nm) using an e-beam evaporation system without 
breaking vacuum between layers. Growth was performed using a three-zone atmospheric- 
pressure furnace (Lindberg Blue) in a fused-silica tube with an internal diameter of 22 mm. 
Flows of Ar (99.9995%, Airgas), C2H4 (99.5%, Airgas), and H2 (99.999%, Airgas) were 
maintained using electronic mass flow controllers (MKS 1179A). Experiments were performed 
by using the “fast-heat” technique, represented schematically in Figure 2.9, wherein samples 
were initially positioned inside the quartz tube and outside the heated zone of the furnace. The 
experiment begins when the sample is rapidly inserted into the furnace, minimizing the thermal 
dose received by the growth substrate prior to introduction of the carbon precursor, which 
minimizes catalyst coarsening and alloying, which tends to poison the catalyst particles and 
decreases the ultimate growth height of the CNT carpet.92 
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Figure 2.9. Schematic of the fast-heat approach: the sample sits in a quartz tube outside the 
furnace while the temperature is ramped in the growth zone. It is then introduced into the growth 
zone when all temperatures are stable and the gas mixture is introduced.92 
 
The three-zone tube furnace used in the study was found to be a flexible setup since it 
enabled the gas to be separately preheated prior to introduction to the growth substrate that was 
maintained at a separate temperature. It was found that preheating the first two zones to 760°C, 
combined with fast-heating, enabled growth of crystalline CNTs at a growth temperature of 
500°C. Conductive atomic force microscopy (C-AFM) studies revealed that the CNTs produced 
using this process were electrically connected to the underlying substrate as shown in Figure 
2.10.92 The insights gained through this study formed the basis for a subsequent approach for the 
growth of carbon nanofibers on porous substrates, which is outlined in Chapter 3.  
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Figure 2.10. (a) SEM image showing a 2 µm-tall dense carpet of vertically aligned CNTs grown 
on a sample with an Fe-Ta catalyst-underlayer over a Pd ground layer. (b) Image showing an 
AFM cantilever above a 100 µm × 1000 µm pad of CNTs; smaller CNT pads are also visible. (c) 
AFM-based I-V curve indicating a resistance of approximately 32 kΩ.92 
 
2.4 Dual-Zone CVD Reactor for CNT Growth 
The three-zone tube furnace CVD system, built previously by Gilbert Nessim,73 suffered 
from several issues that limited its utility for future studies.  First, since the thermal zones were 
directly adjacent to each other, the system provided poor control over the magnitude of the 
temperature difference between zones, typically reliably limited to ~100°C. Further, the design 
of the gas manifold limited the ability to check the system for leaks from atmosphere, with 
potential leaking suspected as a contributor to poor repeatability in previous experiments.73 In 
order to address the problems inherent in the previous design, a new dual-zone CVD system was 
designed and built which utilizes separate furnaces for preheating and growth, enabling large and 
stable temperature differences between zones. Further, the gas manifold was designed to 
maximize flexibility for gas flow between zones while also facilitating He leak checking of the 
system prior to use. A schematic of the system design is shown in Figure 2.11.  
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Figure 2.11. Schematic diagram of the dual-zone CVD system which features separate tube 
furnaces and gas circuits for delivery to the preheat and/or the growth zones independently. 
 
2.4.1 System Design 
Two separate furnaces (Lindbergh Blue Mini-Mite) were utilized for the preheat and 
growth zones. Gases are regulated using Mass Flow Controllers (MFCs) (MKS Instruments), 
separately controlled using an MFC Meter (MKS Instruments) and delivered to the either the 
preheat or growth zones using 1/4"-OD 316 stainless steel tubing (Swagelok). The gas manifold, 
shown in Figure 2.12, splits the gas outlet from each MFC to two separate gas circuits leading to 
the preheat and growth zones respectively. This feature allows gas to be directed separately to 
each zone, which increases the options for exploring processing parameter space (e.g. only 
preheating some subset of the gas flow). Binary on/off valves are located downstream of each 
MFC in both the gas circuits, which allows gas to be completely turned off, eliminating the 
possibility of leakage occurring from the MFC needle valves. A leak valve connected to a 1” 
quick-connect vacuum connection allows the easy attachment of a He-leak detector to check for 
leaks to ambient. A complete parts list for assembly of the system is included in Appendix C. 
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Figure 2.12. Gas manifold of the dual-zone CNT CVD system. MFCs regulate the gas flow of 4 
separate processing gases, and binary on/off valves are attached to the gas entry point leading to 
each gas circuit (preheat and growth zones). A leak checking port enables convenient leak 
checking of the system. 
 
The system was initially designed to use He as a carrier and purge gas and H2 as a 
reducing agent, as has been successfully utilized in the growth of CNTs by other groups.69,133,134 
However Ar has also been demonstrated to be an effective carrier species as well.62 Ethylene 
(C2H4) was utilized as a carbon precursor since this has been shown to function as an effective 
carbon source for the growth of tall CNTs carpets.62,69,93 Building on the success of Hata et al.69 
in the use of H2O to grow long CNTs, due to the ability of H2O to clean amorphous carbon from 
catalyst surfaces in situ, and the insight that H2O can be formed in the preheating stage of the 
CNT furnace,126 a gas line containing 1% O2, with a balance of He, was added to the gas 
manifold. A 1”-OD quartz tube (Finkenbeiner Inc.) was used as a reactor in the growth zone of 
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the furnace and a smaller (1/4”-OD) quartz tube was nominally to be used as a preheat tube, 
however, for growth of tall CNTs using the preheater it is preferable to use a long (~54”) quartz 
tube spanning the length of both furnaces as shown in Figure 2.13. Use of a long tube spanning 
both furnaces minimizes the accumulation of gas phase decomposition products accumulating on 
the interior of the stainless steel tubing between the preheat and growth zones. Quartz tubes can 
be readily “cleaned” by heating the tubes in the presence of O2 gas to combust the residual 
decomposition products, whereas stainless tubing cannot be easily cleaned of decomposition 
products. All quartz tubes are connected to the stainless steel gas circuits using O-ring 
compression fittings (MDC Vacuum Products). 
 
 
Figure 2.13. Photograph of the preheat and growth zones with a quartz tube spanning the 
distance between each respective thermal zone, allowing the preheater to be used and all gases to 
be preheated. 
 
After assembly of the CVD system and before opening the gas cylinders, the system was 
leak checked using a He leak detector borrowed from Prof. Eugene Fitzgerald’s research group. 
To conduct the leak checking, all valves were opened and the MFC needle valves were 
commanded fully open using the electronic flow meter. The gas exhaust outlet was sealed off 
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using a stainless steel end cap and a ~10-6 Torr vacuum was pulled in the system from the closed 
gas cylinder bottles to the exhaust line. He gas was then sprayed onto all connections and the 
stainless steel fittings were adjusted until no additional leaks were detected. 
 
2.4.2 Furnace Calibration 
For simplicity, the first experiments performed in the Dual-Zone CVD system were 
conducted using a single growth zone and recipes were adopted from previous studies.133,134 In 
these initial studies a catalyst substrate consisting of 1.2 nm Fe on 10 nm Al2O3, deposited 
sequentially using e-beam evaporation without breaking vacuum between layers (done in the 
TRL of MTL),62,93 supported on a Si wafer, was used for calibration purposes. Samples, roughly 
1 x 1 cm, were loaded into the growth zone quartz tube supported on the bottom of the tube. The 
system was purged with He at a flow rate of 100 sccm for ~15 minutes. After purging the H2 
flow (400 sccm) was initiated and the furnace was ramped to 700°C with He/H2 flowing. Upon 
reaching the set temperature the sample was annealed for an additional 5 minutes before the 
C2H4 (200 sccm) flow was initiated and growth began. Growth was terminated after an arbitrary 
time by ceasing the C2H4 flow and opening the furnace and rapidly cooling the sample to 
ambient temperature using a fan. Growth was performed over several experiments for increasing 
growth time and representative micrographs of samples grown for 1 min and 5 min respectively 
are show in Figure 2.14. The carpet heights achievable using this process were much less than 
those reported in other studies24,134 and maximum carpet heights achieved were roughly ~150 µm 
in height, as shown in Figure 2.15. Despite the shorter carpets achieved using this process, these 
processing conditions found application in studies of diffusion bonded carpets for capacitive 
deionization, as summarized in Appendix B, for which extremely tall carpets were not desirable. 
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Figure 2.14. Cross section (45°-tilt) SEM images of CNT carpets grown for (a) 1 min and (b) 5 
min, respectively. Red lines indicate the height of the carpets taking into consideration the tilt of 
the image. 
 
Figure 2.15. Cross section (45°-tilt) SEM image of a CNT carpet grown for 20 minutes 
 
Tall freestanding carbon nanotube carpets were required for the studies outlined in 
Chapters 3 and 4, and the previously outlined processing conditions were not capable of yielding 
the required carpets. CNT growth is influenced by large number of processing variables (e.g. 
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process temperature, gas flows, anneal/growth times, etc) and the parameter space for CVD 
process development is commensurately large. Development of a stable process for producing 
tall CNT carpets (~100’s of micrometers or greater), which could be easily delaminated focused 
on a few key processing variables: 
1. Growth zone temperature 
2. Effect of Preheating 
3. Flow Rate of C2H4 
4. Effect of a Post-growth Anneal 
The remaining process conditions were unchanged. New catalyst substrates were prepared for 
this series of experiments consisting of Si wafers (6” diameter, n-type doping, 140 nm thick 
thermal SiO2), which were prepared for catalyst deposition by cleaning using a Piranha solution 
(3:1 H2O2:HSO4, TRL). Next, sequential layers of Al2O3 (30 nm) and Fe (1 nm) were deposited 
using electron beam evaporation without breaking vacuum between depositions. Gas flows 
consisted of 75 sccm He and 400 sccm H2 as carrier and reducing gases, respectively, flowing 
throughout the growth process. Anneal and growth times were set at 5 min and 20 min 
respectively for the purposes of the calibration study. 
Initial experiments involved the use of a single zone tube furnace (one zone of the dual-
zone system; no preheating) with a growth temperature modulated from 650°C to 800°C. 
Heights were found to qualitatively increase with increasing growth temperatures, but the overall 
height after 20 minutes was found to be only several hundred micrometers. Preheating has been 
found to be an effective way to increase the growth rate for a CNT CVD process92,130,134 and this 
insight was employed in the growth of CNTs, using the furnace setup shown in Figure 2.13, by 
using a long quartz tube spanning both the preheat and growth furnaces of the dual-zone CVD 
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system. The preheater was set at 850°C, and the growth zone set at 700°C and this change 
produced roughly a factor of two increase in terminal carpet height. These carpets were still too 
short to be useful and, further, the carpets were found to be well adhered to their substrates. 
Catalyst deactivation has been linked to the buildup of amorphous carbon on the 
nanoparticle surface,125 and it was suspected that excess carbon precursor may be leading to 
premature catalyst deactivation and in turn much shorter CNT carpets. To investigate this 
possibility the C2H4 flow rate was decreased by a factor of 4X to 50 sccm, while using the 
preheater set at 850° and the flow rate of the 1% O2-Balance He MFC set at 40 sccm, which was 
intended generate roughly ~100 ppm H2O concentration in the gas feedstock. This magnitude of 
H2O concentration was found to increase the catalyst lifetime in other69,126 studies. This 
processing change resulted in CNT carpets that approached ~ 2mm in height after 20 minutes of 
growth and the carpets could be delaminated with minimal effort, although the ease of 
delamination was not consistent.  
A post-growth anneal has been found to increase the ease of delamination between the 
CNT carpet and the substrate.134 To improve the repeatability of the delamination step, a post 
growth anneal was performed in which the C2H4 was turned off at the end of the growth, but the 
sample was left in the furnace at the growth temperature with only H2/He/1%-O2 balance He 
flowing. The mechanism of the improved delamination is not known, although it has been 
demonstrated that the catalyst particles are well adhered to the growth substrate and therefore the 
delamination is occurring at the catalyst/CNT interface. Repeatable delamination is achieved 
with post-growth annealing steps with lengths of 3-10 minutes, with delamination occurring in 
the furnace upon cooling, or through gentle probing of the corners of the carpet, using a razor 
blade, once the substrate is removed from the furnace. A photo of a representative CNT carpet is 
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shown in Figure 2.16 and SEM images of representative carpets are shown in Figure 2.17. This 
process for growing substrate-free aligned CNT carpets was utilized in subsequent studies22,135 
outlined in Chapters 4-6. 
 
 
Figure 2.16. Photo of a delaminated carpet and its growth substrate. Growth time for this carpet 
was 10 minutes with a 10 minute post-growth anneal. 
 
 
Figure 2.17. Cross section (90°-tilt) SEM images of freestanding carbon nanotube carpets. (a) 
Low magnification image showing the thick carpet, which has been mounted on an SEM stub, 
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which resulted in slight crumpling of the carpet and generating debris, and (b) a high 
magnification image showing the nominally aligned structure of the CNT carpet with 
entanglement along the lengths of CNTs. 
 
2.5 Summary 
Carbon nanotube arrays have a variety of attractive properties such as their high electrical 
conductivity, large specific surface area, and large void volume, which make them attractive 
model systems for studying electrochemical processes. The synthesis processes outlined in this 
Chapter serve as the basis for subsequent studies that probe the nucleation and growth of Li2O2 
on carbon surfaces as well as an ideal scaffold for supporting Li2O2 particles for investigations 
using ex situ electron microscopy.  
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Chapter 3. All-Carbon-Nanofiber Electrodes for High-Energy 
Rechargeable Li-O2 Batteries 
3.1 Introduction 
 This Chapter focuses on the growth and utilization of carbon nanofiber electrodes in Li-
O2 cells. The structure of the carbon nanofiber carpet (i.e. a well-defined cylindrical carbon 
surface with well-ordered porosity and very large void volume) represents a fundamentally new 
electrode microstruture for Li-O2 cells. The aligned carbon nanofiber electrodes were fabricated 
on porous anodized aluminum oxide substrates to aid O2 transport to the reaction sites on the 
CNF sidewalls, which supported ORR during discharge. Alumina is a very stable (low reactivity 
with CNF catalysts, high melting-point, etc) substrate for growing CNFs using chemical vapor 
deposition. These all-carbon-fiber (binder-free) electrodes were found to yield high gravimetric 
energies (up to 2500 Wh/kgdischarged) in Li-O2 cells, translating to an energy enhancement ~4 
times greater than the state-of-the-art lithium intercalation compounds such as LiCoO2 (~600 
Wh/kgelectrode). The high gravimetric energy achieved in this study can be attributed to low 
carbon packing in the grown carbon-fiber electrodes and highly efficient utilization of the 
available carbon mass and void volume for Li2O2 formation. The nanofiber structure allowed for 
the clear visualization of Li2O2 formation and morphological evolution during discharge and its 
disappearance upon charge, where Li2O2 particles grown on the sidewalls of the aligned carbon 
fibers were found to be toroids, having particle sizes increasing (up to ~1 µm) with increasing 
depth-of-discharge. The visualization of Li2O2 morphologies upon discharge and disappearance 
upon charge represents a critical step toward understanding key processes that limit the rate 
capability and low round-trip efficiencies of Li-O2 batteries. 
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3.2 Synthesis of Carbon Nanofibers on Porous Substrates 
CNF electrodes were fabricated using atmospheric pressure chemical vapor deposition 
(CVD) on porous anodized aluminium oxide (AAO) (Whatman Anodisc, 13 mm) substrates 
coated with thin layers of Ta and Fe. The porous substrate, which allowed O2 permeation to the 
CNFs, served as a rigid support for a conductive underlayer92 of Ta (30 nm in thickness), 
supported a thin film of Fe (2 nm in thickness) used to catalyze growth of the CNFs. Both the Ta 
and Fe thin films were deposited using electron beam evaporation without breaking vacuum. The 
Ta/Fe thin film bilayer was found to conform and adhere well to the AAO substrate as evident in 
SEM imaging (Figure 3.1a).  
CNFs were synthesized in a three-zone atmospheric chemical vapor deposition system, 
which was previously used by Nessim et al.73 to investigate catalyst pretreatment62 and low 
temperature growth on metals.92 During synthesis the temperature zones 1 and 2 were set at 765 
°C and 650 °C, respectively, and the growth zones was set at 700 °C. A fused-silica tube (inner 
diameter, 22 mm) was used as a reaction chamber maintained at atmospheric pressure with gas 
flows of Ar (100 sccm), H2 (500 sccm), and C2H4 (200 sccm). Prior to the introduction of C2H4 
into the growth reactor, the AAO/Ta/Fe substrate was annealed for 5 min in Ar/H2 at the 
synthesis temperature, which allowed the Fe thin film to dewet into discrete nanoparticles that 
subsequently catalyzed the growth of CNFs at the substrate surface.62 The sample was kept at 
room temperature outside the furnace and then rapidly inserted into the furnace, using the fast-
heat procedure outlined previously, which began the annealing process. Although Nessim et al.92 
were able to grow CNTs at low temperature, the resulting CNT carpets were short (< 1 µm). The 
growth temperature was raised to 700°C in this study in order to grow longer carpets. However, 
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this likely led to the formation of carbon nanofibers, as opposed to nanotubes, since the catalyst 
film underwent additional coarsening and alloying prior to growth.  
The resulting CNF carpet appeared as a visible black coating on the substrate surface 
(Figure 3.2a). The CNFs were found to be aligned roughly perpendicular to the substrate surface 
(Figure 3.1b) with slight entanglement near the base of the fibers. High-resolution transmission 
electron microscopy (HRTEM) revealed that carbon fibers had hollow, concentric, truncated 
graphitic cones aligned along the axis of the fiber83 (Figure 3.2b).  
 
Figure 3.1. (a) Cross sectional (70°-tilt) SEM micrograph of the porous anodized aluminium 
oxide (AAO) filter after thin film deposition using electron beam evaporation. Inset: schematic 
representation of the electrode after deposition of metal thin films (Ta 30 nm, Fe 2 nm) onto one 
side of the AAO filter. (b) Cross sectional (70°-tilt) SEM image of the AAO filter after nanofiber 
growth. Inset: schematic representation of the electrode after catalyzed growth of carbon 
nanofibers. 
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Figure 3.2. Electrode Fabrication. a) Photograph of the CNF electrode after nanofiber synthesis. 
The filter diameter is 13 mm, and the area covered by CNFs has an 11 mm diameter. To prepare 
the electrode, a piece of aluminum foil is wrapped around one edge. b) High-resolution 
Transmission Electron Microscope (HR-TEM) bright field image of a typical nanofiber 
synthesized using this process. Schematic shows the concentric hollow cone structure of the 
carbon nanofiber. The average diameter of the fibers used in this study was roughly ~30 nm. 
 
The mass of CNFs was obtained from the difference in substrate mass measured before 
and after CNF deposition using an ultra-microbalance (Metler Toledo, XP6U) with a resolution 
of +/-0.1 µg. These CNF electrodes gave rise to a specific capacitance of 26 F/gC in a 1 M LiPF6 
EC:DMC 3:7 v/v organic electrolyte (Figure 3.3), which is in agreement with the reported 
capacitance of CNFs in acid136, and slightly lower than that reported for carbon nanotube 
electrodes137. The range of electrode masses used for this study was 44-184 µg with an individual 
mass uncertainty of ±7 µg, as determined from repeated measurements of the same sample over 
several days. The carbon loadings fell in the range from 0.1 to 0.2 mgC/cm2geo. with an average 
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carbon loading of 0.11 ± 0.04 mgC/cm2geo., which was considerably lower than those (~0.5 
mgC/cm2geo30,138 to ~20 mgC/cm2geo139,140) reported previously. SEM imaging performed after 
electrochemical testing showed that CNF carpet thicknesses ranged from 2 to 8 µm in length, 
roughly in proportion to the mass. 
 
Figure 3.3. Cyclic voltammetry of a CNF electrode in a Li cell (1 M LiPF6 electrolyte in 
EC:DMC) indicated the CNF electrodes had an average capacitance of 26 F/g in the range 2.0 – 
4.0 V vs. Li. (Betar Gallant) 
 
3.3 Assembly of Li-O2 Cells 
The CNF electrodes were utilized in Li-O2 cells without any additional binders or 
catalysts. Prior to cell assembly, a small aluminium foil jumper was attached to the electrode to 
electronically connect the CNF carpet to the backside of the AAO substrate (Figure 3.2a). Li-O2 
cells were assembled in an argon-filled glovebox, with a lithium metal anode (15 mm diameter 
and ~0.45 mm thickness), two porous separators (Celgard C480), and a CNF electrode with the 
CNF side facing the separator (Figure 3.4). The electrolyte was 0.1 M LiClO4 (battery grade, 
dry, 99.99% trace metals basis, Aldrich) in 1,2-Dimethoxyethane (DME, <30 ppm H2O, Sigma-
 87 
Aldrich). The separators were pre-soaked in electrolyte, and an additional 140 µL of electrolyte 
was added during cell assembly. A rigid stainless steel mesh was used as the current collector for 
CNFs, which allowed O2 diffusion to CNFs through the porous AAO substrate. The cells were 
purged for 5 minutes with DME-saturated O2 (99.994 % pure O2, Airgas, H2O < 2 ppm) and 
subsequently sealed to the ambient atmosphere. It was estimated that the amount of oxygen 
available to the O2 electrode in the Li-O2 cells was at least 50 fold higher than that required for 
discharging to a capacity of 5000 mAh/gC. The cells were rested at open circuit for one hour 
before testing. The Li-O2 cells were tested galvanostatically upon discharge from open circuit 
(~2.9 V vs. Li) with a lower voltage cutoff of 2.0 V vs. Li. For galvanostatic charging 
experiments at gravimetric currents >70 mA/gC, the upper voltage limit was 4.4 or 4.5 V vs. Li, 
whereas experiments performed at low rates (<70 mA/gC) were tested to 4.25 V vs. Li. 
 
Figure 3.4. CNF electrodes were tested in lithium cells with 0.1 M LiClO4 electrolyte in DME 
and two porous Celgard C480 separators. The CNF electrode was placed with the carbon side 
facing towards the separator, and a porous stainless steel disk or mesh was used as both a current 
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collector and a porous membrane to allow O2 diffusion through to the porous AAO substrate. 
Following cell assembly in Argon, the cell was purged for 5 minutes with O2 and sealed against 
the environment. 
 
3.4 Electrochemical Performance 
Li-O2 cells with CNF-based electrodes were found to discharge at ~2.61 V vs. Li (Figure 
3.5a) over several days (the length of a typical discharge was ~115 hours) at a geometric current 
of 8 µA/cm2. The background discharge capacity of the substrate without CNFs is negligible as 
galvanostatic discharge of an AAO/Ta/Fe substrate at a comparable geometric current density 
(Figure 3.5a) revealed a different voltage profile (E < 2.5 V vs. Li) and terminated after a 
substantially shorter time. Discharging a CNF electrode in argon (no O2 purge) also showed 
negligible capacity (Figure 3.5a), which suggested that oxygen reduction by Li+ was primarily 
responsible for the observed discharge capacities of Li-O2 cells. X-ray diffraction (XRD) 
analysis of discharged electrodes (Figure 3.5b) revealed only Li2O234, whereas neither Li2O nor 
LiOH was detected. This is in agreement with previous studies in which Li2O2 was identified to 
be the discharge product on uncatalyzed carbon electrodes using XRD141 or Raman 
spectroscopy.5 
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Figure 3.5. (Left) Galvanostatic discharge to 2.0 V vs. Li of an AAO/Ta/Fe substrate (no CNFs) 
in O2, and a typical AAO/Ta/Fe/CNF electrode in Ar (no O2) demonstrating negligible capacity 
(typical discharge time for a CNF electrode in O2, plotted for comparison, is ~115 hours at 
comparable geometric currents). (Right) XRD spectra of pristine and discharged CNF electrodes 
(510 mA/gC) showing the formation of Li2O2 (Space Group: P63/mmc)34 on discharge. (Betar 
Gallant) 
 
We first discuss the discharge voltage and gravimetric capacities from Li-O2 cells 
obtained at low rates. At a rate of 43 mA/gC, which is comparable to rates used in previous 
studies,142,143 Li-O2 cells with CNFs discharged at an average voltage of ~2.61 V vs. Li over the 
entire discharge (Figure 3.6a and Figure 3.6b), which compares well with the discharge voltage 
of other carbon-only electrodes.30,144,145 The gravimetric discharge capacities of CNF electrodes 
normalized to carbon mass have an average of 4720 mAh/gC at low rates (< 70 mA/gC) from 
measurements of 9 separate CNF electrodes with masses ranging from 44 to 184 µgC. At higher 
gravimetric currents of 261, 578 and 1000 mA/gC, the discharge voltage was reduced, and the 
gravimetric capacity decreased rapidly with increasing rates. 
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As Li+ reduces molecular O2 during discharge to form Li2O2 in the pores of the O2 
electrode, the electrode weight increases, which can have significant implications for the use of 
Li-O2 cells for practical applications. The gravimetric capacities of the O2 electrode normalized 
to the combined weight of CNFs and total Li2O2 formed upon discharge were calculated to be 
944 mAh/gdischarged at 43 mA/gC (Figure 3.6b), which is much lower than when normalized to the 
CNF (C-only) weight (Figure 3.6a). This is because the mass of Li2O2 in the discharged 
electrodes was much higher (~4 times higher at gravimetric currents <70 mA/gC) than the mass 
of CNFs in typical electrodes in Figure 3.6a, and therefore the gravimetric capacities in Figure 
3.6b are largely influenced by Li2O2 weights, especially at low rates. As a result, the discharge 
capacities normalized to the weights of discharged electrodes are less rate-dependent than those 
normalized to CNF weights (Figure 3.6b). First-discharge gravimetric capacities from 
galvanostatic experiments were reasonably reproducible over a range of gravimetric currents24. It 
should be noted that the gravimetric discharge capacities of CNF electrodes, even normalized to 
the combined weights of CNF and Li2O2, are considerably higher than those of state-of-the-art 
lithium intercalation electrodes146,147. 
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Figure 3.6. (a) First-discharge rate capability of CNF electrodes with galvanostatic currents 
corresponding to 43, 261, 578, and 1000 mA/gC (4, 26, 66 and 97 µA/cm2, respectively) with a 
lower voltage cutoff of 2.0 V vs. Li. (b) First discharge rate capabilities normalized to the weight 
of the discharged electrode (C + Li2O2). (c) Gravimetric Ragone plot comparing energy and 
power characteristics of CNF electrodes based on the pristine and discharged electrode weight 
with that of LiCoO2.148 (d) Capacity retention after 10 cycles. 
 
The gravimetric energy and power characteristics of the CNF electrodes in Li-O2 cells 
upon discharge in the range 2.9 – 2.0 V vs. Li are shown in Figure 3.6c. Interestingly, the O2 
electrode can deliver a very high gravimetric energy up to ~2500 Wh/kgdischarged based on single 
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electrode weight. Averaged over multiple electrodes, the gravimetric energy of the CNF 
electrodes in the discharge state decreases from ~2400 Wh/kgdischarged at ~30 W/kgdischarged, to 
~2100 Wh/kgdischarged at ~150 W/kgdischarged.24 Considering the theoretical gravimetric energy 
density of pure Li2O2 (3215 Wh/kgLi2O2, see calculation details in Chapter 1), CNF electrodes 
discharged at low rates reached roughly 75% of the theoretical value. These gravimetric energy 
values represent a roughly 4-fold improvement compared to state-of-the-art lithium intercalation 
electrodes such as LiCoO2 (~600 Wh/kgLiCoO2).148 Owing to uncertainty in thickness 
measurements of CNF electrodes, it is difficult to directly compare performance on a volumetric 
basis. However, it is important to note that owing to the lower volumetric packing density of 
lithium peroxide particles, compared to the packing density of oxide positive electrodes such as 
LiCoO2, that the volumetric energy advantage of CNF electrodes is anticipated to be much lower 
than the gravimetric energy enhancement compared to LiCoO2, which is generally true for Li-O2 
electrodes. Additionally, the electrodes demonstrated reasonable reversibility over the first 10 
cycles (Figure 3.6d) at moderate rates (~300 mA/gC), which is comparable to some of the 
highest capacity retention values reported previously.31,32 
3.5 Ex Situ SEM Investigation 
The unique structure of CNF electrodes enabled clear visualization of Li2O2 formation 
and morphological evolution during discharge and its disappearance upon charge. Samples were 
prepared for cross-section SEM in an Ar-filled glovebox (MBRAUN, USA, H2O < 0.1 ppm, O2 
< 0.1 ppm) by first cleaving the porous AAO filters in half and then mounting them on standard 
SEM tilt-stubs using conductive carbon tape. High-resolution images were captured at 5 kV 
accelerating voltage at a ~5 mm working distance using a JEOL 6320FV field-emission high-
resolution SEM. 
 93 
3.5.1 Li2O2 Growth Upon First Discharge 
In order to investigate the evolution of Li2O2 particles upon discharge, several cells were 
discharged at 60-70 mA/gC from OCV to various depths (350, 1880, and 7200 mAh/gC, 
corresponding to approximately 5%, 25%, and 100% of discharge capacity, respectively), as 
shown in Figure 3.7. Cross-sectional ex-situ SEM imaging of the electrode revealed that Li2O2 
appeared to first form as discrete spherical particles on the CNF sidewalls. Li2O2 structures were 
found to evolve from spherical particles, with an average diameter of ~100 nm at 350 mAh/gC 
(Figure 3.7a and Figure 3.7b), to toroidal-shaped particles, with an average diameter of ~400 
nm at 1880 mAh/gC (Figure 3.7c and Figure 3.7d). Although Li2O2 particles have been observed 
previously in discharged electrodes composed of α-MnO2 nanowires32 and SWNT/CNF 
buckypaper145, toroidal-shaped particles had not been previously reported. The origin of this 
growth morphology was explored using aligned carbon nanotube electrodes and is further 
elaborated upon in subsequent chapters. 
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Figure 3.7. Evolution of Li2Ox discharge product morphology. Insets show the corresponding 
discharge voltage profile. (a-b) Galvanostatic discharge to a capacity of 350 mAh/gC at 68 
mA/gC. Li2O2 particles appear to first form on the CNF sidewalls as small spheres with <100 nm 
diameters, (c-d) Intermediate galvanostatic discharge to 1880 mAh/gC at 64 mA/gC. Particles 
appear to develop a toroidal shape as the average particle size increases to 400 nm, (d-e) Full 
discharge to 7200 mAh/gC at 63 mA/gC. The discrete particles merge to form a monolithic Li2O2 
mass with low porosity. 
 
3.5.2 Particle Coalescence and Rate Dependence 
The discrete toroid particles observed in the CNF electrode were observed to grow to be 
larger than ~1 µm in diameter (Figure 3.8 and Figure 3.9) with increasing depth-of-discharge. 
Further, SEM imaging revealed a pronounced surface structure on the exterior of the particles 
composed of a series of grooves along the particle circumference (Figure 3.9e).  These grooves 
correspond to the edges of plates with thickness on the order of 10 nm, which were found to 
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comprise the microscale particles, and which were characterized in a subsequent study using 
additional SEM and TEM techniques as described in Chapter 5. Additionally, the particles do not 
appear to have a regular orientation with respect to the carbon nanofibers (i.e. the carbon 
nanofiber axis does not consistently pass through the center or side of the particle), which 
suggests that the carbon nanofibers do not template the toroid structure in any obvious way. This 
assertion is further supported by the observation that Li2O2 toroid particles were subsequently 
found in Li-O2 air cathodes composed of carbon black,39 vulcan carbon,7 and graphene oxide 
gel38,40 electrode materials. 
 
Figure 3.8. SEM image of discharged electrode (46 mA/gC). Image corresponds to a gravimetric 
capacity of 4240 mAh/gC obtained with a lower voltage cutoff of 2.0 V vs. Li. 
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Figure 3.9. (a)-(d) SEM image of discharged electrode (46 mA/gC) to a gravimetric capacity of 
4240 mAh/gC obtained with a lower voltage cutoff of 2.0 V vs. Li.  (e) SEM image of a large 
toroid particle from an electrode discharged (100 mA/gC) to a gravimetric capacity of 3900 
mAh/gC obtained with a lower voltage cutoff of 2.0 V vs. Li.   
 
Upon discharge to higher gravimetric capacities at lower gravimetric rates, the large 
Li2O2 particles were found to merge into a single monolithic mass filling nearly the entire void 
volume of the carbon nanofiber array as shown in Figure 3.7e and Figure 3.10 for electrodes 
discharged at low gravimetric rate to high gravimetric capacities. The intermediate stages of 
particle coalescence were observed in some carbon nanofiber electrodes using SEM as depicted 
in Figure 3.11, which shows three large toroid particles merging into a single particle in the later 
stages of discharge in a cell discharged at a low gravimetric current. The particle coalescence 
process will need to be more fully understood since the efficient filling of space by Li2O2 
particles will ultimately determine the volumetric energy density of an electrode. 
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Figure 3.10. (left) Cross section SEM image of a carbon nanofiber electrode after fabrication 
and (right) a cross section SEM image of an electrode discharged (63 mA/gC) to 7200 mAh/gC 
obtained with a lower voltage cutoff of 2.0 V vs. Li, showing the monolithic mass of Li2O2 
formed after particle coalecence. 
 
Figure 3.11. Cross section image of a carbon nanofiber electrode discharged (59 mA/gC) to a 
gravimetric capacity of 5276 mAh/gC. Red circles indicate three toroid particles merging into a 
single particle. 
Li2O2 particle coalescence was only observed in carbon nanofiber electrodes discharged 
at low < 100 mA/gC gravimetric rates since these conditions yielded the largest diameter toroid 
particles observed. The carbon nanofiber electrodes displayed a pronounced rate effect and 
electrodes discharged at increasing rates (~500 mA/gC) exhibited smaller diameter particles, with 
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a higher particle density along the CNF axes, leading to a conformal coating of particles along 
the CNF axes at full discharge (Figure 3.12). The particles formed under high rate conditions 
also exhibited a more disc-like shape. The origin of the disc shape and its relation to the large 
toroids was the focus of a separate study, which is summarized in Chapter 5, and found to be 
related to the overall particle size and the growth process for microscale Li2O2 particles.   
 
 
Figure 3.12 Cross-sectional SEM of an electrode discharged at 511 mA/gC with a lower voltage 
cutoff of 2.0 V vs. Li.  The image corresponds to a gravimetric discharge capacity of 3560 
mAh/gC (879 mAh/gdischarged). The electrode morphology is characterized by a dense discharge 
product near the AAO surface, but a very low-density morphology near the top of the carpet.  
CNFs are conformally coated with comparatively smaller particles than particles observed at low 
discharge rates (46 mA/gC). 
 
3.5.3 Charging Behavior 
Upon galvanostatic charge following the first discharge, the average charging voltage 
was found to range from ~4.1 V vs. Li at 43 mA/gC to ~4.4 V vs. Li at 578 mA/gC (Figure 3.13a, 
left). These voltages are below the decomposition potential of the electrolyte (~4.7 V vs. Li in 
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O2-purged cells), which was determined by charging an as-assembled cell from open circuit 
(Figure 3.13a, right). In contrast to the microstructure of a fully discharged electrode (Figure 
3.13b), ex-situ SEM imaging revealed substantial removal of Li2O2 during charging, with bare 
CNFs reappearing and toroidal particles disappearing (Figure 3.13c). Characteristic of the 
charged structure, the sidewalls of the CNFs appear rougher than those in pristine electrodes, 
which may be related to incomplete Li2O2 removal. The observation of Li2O2 
formation/dissolution and corresponding electrochemical performance can provide new insights 
into relevant design criteria for electrodes for efficient rechargeable Li-O2 batteries. 
 
 
Figure 3.13 (a) Left: First-cycle performance of CNF electrodes discharged/charged at 
galvanostatic currents of 43, 261, and 578 mA/gC, corresponding to geometric currents of 4, 26, 
and 66 µA/cm2. Right: Galvanostatic charge profile of CNF electrodes from OCV in O2- and Ar-
purged cells directly charged after cell assembly used to determine the electrolyte decomposition 
potential (~4.7 V vs. Li in O2 cells). (b) Ex-situ SEM cross-section of a CNF electrode 
discharged to 7200 mAh/gC at 63 mA/gC. Inset: Voltage profile during discharge. (c) Ex-situ 
SEM cross-section of a CNF electrode charged after discharge to 7100 mAh/gC at 132 mA/gC. 
Inset: Voltage profile during discharge/charge. 
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3.6 Conclusions 
The high gravimetric capacities and energies obtained from CNF electrodes suggest that 
carbon pore structures can play a significant role in determining the O2 electrode performance in 
Li-O2 cells, and high filling of the CNF electrode void volume can be achieved with relatively 
low loading of carbon (~0.1 mgC/cm2geo) compared with other reported electrodes30,138,139,145. 
This could result from unique advantages of the aligned nanofiber structure, including high 
electronic conductivity, high void volume, and an interconnected, well-developed pore structure 
that could enable continued growth of Li2O2 with concurrent displacement of electrolyte. The 
ability to observe the influence of parameters such as rate and depth-of-discharge on the 
morphological evolution of Li2O2 opens exciting new opportunities to understand and optimize 
the high-rate and cycling performance of Li-O2 batteries. Further, the growth technique used to 
synthesize CNF electrodes could allow for tunable properties of electrodes such as carpet 
thickness and mass density, which could yield further insight into the role of electrode structure 
on Li-O2 cathode performance, as is discussed in subsequent Chapters.  
We have shown that carbon nanofibers grown on a porous alumina substrate are 
promising materials for the O2 electrode in Li-O2 batteries. In the discharged state (considering 
the mass of carbon and Li2O2), CNF electrodes can provide gravimetric energies up to ~2500 
Wh/kgdischarged at powers up to ~100 W/kgdischarged, which are among the highest values reported 
for Li-O2 batteries to date (including carbon-only and catalyst-containing electrodes). The unique 
morphology of CNF electrodes has enabled SEM observations of the morphological evolution of 
Li2O2 particles as a function of rate and depth-of-discharge and also of the removal of Li2O2 
particles during charging. This study highlights the importance of novel O2-electrode designs and 
opens up new directions and strategies to develop highly efficient electrodes for Li-O2 batteries. 
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Chapter 4. Carbon Nanotube Electrodes for Li-O2 Batteries 
4.1 Introduction 
The carbon nanofiber electrodes fabricated on porous substrates served as a proof of 
concept that air cathodes, composed of aligned carbon nanostructures, could function as very 
effective scaffolds for the deposition and investigation of Li-O2 discharge product. However, the 
carbon nanofiber electrodes have several significant drawbacks that limit their utility for both 
future studies and in practical applications. First, the carbon nanofiber electrodes grown on metal 
films are limited in height with typical electrode thicknessess on order 10 µm. This height 
limitation is due to poisoning of the Fe catalysts due to interaction with the Ta underlayer. 
Second, the carbon nanofibers were fabricated on rigid substrates, with thickness of ~ 60 µm. 
The calculations of gravimetric and volumetric energy density presented in the carbon nanofiber 
study24 do not take into account the comparably large mass and volume of the substrate and 
inclusion of this component in the energy calculation would make the energy density 
insignificant. Third, the mass of the carbon nanofiber electrodes were calculated by comparing 
the difference between substrate mass before and after CVD synthesis.24 This calculation can in 
principle introduce significant error into the calculation of electrode mass and gravimetric energy 
density since the substrate mass is significantly larger than the mass of carbon (average mass of 
carbon: ~ 114 µgC; average mass of porous anodized aluminum substrate: ~ 15 mg).  
As mentioned previously, carbon nanotube synthesis on insulating substrates can provide 
significant latitude in the resulting carpet and CNT properties, offering flexibility in the areal 
density, tube diameter, number of tube walls in a MWCNT, etc. A process was developed to 
fabricate tall (10’s – 100’s µm) CNT arrays on an insulating substrate followed by a process to 
monolithically delaminate the carpets from the substrates, allowing their use as freestanding 
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electrodes in Li-O2 cells. This electrode design approach extends the applicability of electrodes 
composed of aligned carbon nanostructures to more practical applications in addition to 
circumventing other problems inherent with the growth process on rigid anodized aluminum 
oxide substrates. This approach is especially intriguing, considering that growth of continuous 
arrays of CNTs for industrial applications has been recently demonstrated.149 More 
fundamentally, this electrode design allows the dependence of the carbon surface structure on the 
nucleation and growth of Li2O2 to be explored since the carbon nanofiber electrodes have a 
surface composed almost exclusively of graphitic edge planes, whereas carbon nanotubes have 
sides composed of graphitic basal planes. This chapter will discuss the synthesis of freestanding 
carbon nanotube electrodes and their use in an investigation of the origin of charging limitations 
in Li-O2 cells. An additional study of the morphological evolution of microscale Li2O2 discharge 
product particles, which also utilized freestanding carbon nanotube electrodes, is presented in 
Chapter 5. 
4.2 Synthesis of Freestanding Carbon Nanotube Electrodes 
4.2.1 Catalyst Preparation  
Si wafers (6” diameter, n-type doping, 140 nm thick thermal SiO2) were prepared for 
catalyst deposition by cleaning using a Piranha solution (3:1 H2O2:HSO4, TRL). Next, sequential 
layers of Al2O3 (30 nm) and Fe (1 nm) were deposited using electron beam evaporation without 
breaking vacuum between depositions. The wafers were then cleaved into small samples (~1 x 1 
cm) in preparation for CNT growth. 
4.2.2 Chemical Vapor Deposition 
Vertically-aligned carbon nanotube (VACNT) carpets were synthesized in a two-furnace 
hot-walled thermal chemical vapor deposition system. The two furnaces are connected with a 
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single quartz tube (OD 1”). The upstream furnace (preheater) is used to preheat the carbon 
precursor to promote gas decomposition resulting in improved carbon nanotube growth. The 
downstream furnace (growth furnace) is where catalyst samples are located and CNTs are grown. 
The multiwalled-CNTs used in this study were synthesized using the following process. Catalyst 
samples were loaded into the growth furnace and the system was purged for ~15 minutes with H2 
(400 sccm) and He (75 sccm). After purging, the preheater and growth furnace were ramped to 
850° C and 720° C respectively. Upon reaching 720° C, the samples were annealed for an 
additional 5 minutes and a 40 sccm flow of He containing 1% (vol.) O2 was initiated during the 
final minute of the anneal. After the anneal, a 50 sccm flow of C2H4 was initiated and the CNT 
growth began. Growth was performed for 20 minutes and then the C2H4 flow was terminated and 
the samples were annealed for an additional 10 minutes in H2 and He to weaken the interface 
between the catalyst particles and the CNTs. After the post-growth anneal the growth furnace 
was opened and the tube was rapidly cooled to room temperature under He flow. After cooling, 
the CNTs were removed from the furnace and then removed from the substrate by gently prying 
the corners of the monolithic carpet until the carpet uniformly delaminated from the growth 
substrate. 
4.2.3 As-Grown CNT Characterization 
The monolithic freestanding CNT carpets were weighed using an ultra-microbalance 
(Mettler Toledo, XP6U) and the average mass of CNT carpets used in these studies was 1007 ± 
182 µg. CNT carpet heights were characterized using an SEM (JEOL 6320) and carpets used in 
this study were found to have an average height of ~500 µm. CNT carpets were sonicated in 
isopropanol to disperse bundled tubes and then drop cast onto a lacey carbon TEM grid for 
imaging. A high resolution TEM (JEOL 2010, 200 kV acceleration voltage) was used to collect 
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images for determining the average CNT diameter and number of walls. The multi-walled CNTs 
used in this study had an average outer diameter of 7.7 nm with a distribution of 2 walls (31%), 3 
walls (31%), and 4 walls (28%) with the balance of tubes having >4 walls. 
4.2.4 Ex situ SEM and TEM Observation of Li-O2 Discharge Product  
After completion of electrochemical experiments, the cells were disassembled under an 
Ar ambient. For SEM imaging, the freestanding CNT electrodes were segmented into small cross 
sections using a clean razor blade. The CNT electrode cross sections were then mounted on 90-
degree SEM cross section stubs for cross-sectional viewing and the specimens were sealed under 
Ar in plastic bags for transport to the microscope. The specimens were inserted into a JEOL 
6320 high resolution SEM using a load lock, which allows rapid transfer to a high vacuum 
environment with minimal exposure (< 10 seconds/sample) to atmosphere. Imaging was 
performed at a 5 kV accelerating voltage and at a beam current of 12 µA. 
For observation in TEM, the freestanding CNT electrodes were segmented into small 
fragments using a clean razor blade. The electrode fragments were mounted on StrataTek™ 
double folding TEM grids and sealed under Ar for transport to the microscope. Zero-loss bright-
field transmission electron microscopy and diffraction pattern collection were performed in a 
Zeiss Libra120 energy-filtered TEM operated at a 120 kV accelerating voltage (Harvard CNS). 
4.3 Assembly of Li-O2 Cells 
Cells were assembled using a procedure that is similar to the assembly process used 
during the study of carbon nanofiber electrodes. Slight changes in the procedure were introduced 
to minimize exposure to H2O, which has been found to effect the morphology of the depositing 
Li2O2 discharge product. The influence of H2O is discussed more thoroughly in Chapter 4. 
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 VACNT electrodes were tested as the positive electrode in Li-O2 cells without binder. 
Electrodes were dried under vacuum in a Buchi glass oven for at least 8 hours at 70°C, then 
sealed and transferred to an argon glovebox (MBRAUN, USA, H2O < 0.1 ppm, O2 < 0.1 ppm) 
without exposure to air. Li-O2 cells were assembled as reported previously15 with a lithium foil 
anode (15 mm in diameter, ~0.45 mm thick), two separators (Celgard C480) presoaked in 
electrolyte (0.1 M LiClO4 in 1,2-dimethoxyethane (DME), Novolyte Purolyte, <20 ppm H2O), 
and an additional 175 µL of electrolyte. A stainless steel mesh was used as the current collector. 
Following assembly, cells were transferred to a connected second argon glovebox (MBRAUN, 
USA, H2O < 0.1 ppm, O2 < 1%) without exposure to air, purged for 5 minutes with dry O2 
(99.994 % pure O2, Airgas, H2O < 2 ppm), and sealed for testing. Cells utilized for the study of 
charging performance that were cycled 10 times, were slightly pressurized with O2 prior to 
sealing and were cycled inside the glovebox to minimize any potential water influx during long 
testing times. All other cells were unpressurized and were tested outside the glovebox. 
4.4 Chemical and Morphological Changes of Li-O2 Electrodes During Cycling 
As discussed in the introduction, poor cycling performance of Li-O2 cells is a significant 
issue that must need to be addressed in order for practical cells to be possible. We undertook a 
study to investigate the origin of the cycling performance issues,22 finding that significant 
chemical and morphological changes of the discharge product occur in Li-O2 cells during 
cycling. Carbon nanotubes as an electrode material are advantageous because they do not contain 
binders, some of which, including PVDF, have been found to react with the LiO2 radical.39 The 
composition of the discharge product was probed using a combination of ex situ X-ray 
absorption near edge structure (XANES), X-ray diffraction (XRD), and TEM. The TEM 
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investigation allowed the size and distribution of the discharge product to be investigated as a 
function of discharge/charge conditions and cycle number. 
4.4.1 Electrochemical Cycling 
Prior to ex situ characterization, cells were cycled using a discharge rate of 250 mA/gC to 
a gravimetric capacity of 1000 mAh/gC, followed by charging step performed at 100 mA/gC. A 
series of representative voltage curves as a function of increasing cycle number are summarized 
in Figure 4.1a. The discharge voltage observed is roughly 2.6 V, which is consistent with other 
reports for discharge on a carbon surface.14,15,150 On first charge the voltage increases to roughly 
4 V vs. Li and then only increases to 4.25 V vs. Li at the end of discharge. This charging 
behavior differs on second and higher charge cycles with the clear emergence of two distinct 
voltage plateaus occurring in the charging curve occurring at roughly 4 V and 4.5 V vs. Li, 
respectively, with the higher voltage curve growing in capacity as a function of cycle number. 
 
 
Figure 4.1. Voltage vs. capacity profiles of the first ten full cycles and the 11th discharge of a 
freestanding VACNT electrode cycled in an Ar glovebox. Inset: SEM image of an as-grown 
freestanding VACNT electrode at low and high (inset) magnification.22 
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4.4.2 Chemical Changes Upon Cycling 
The chemistry of the discharge product was found to change significantly upon cycling 
with a transition from Li2O2 on first discharge to increasing amounts of Li2CO3 on subsequent 
cycles, which cannot be dissolved upon charging. XRD analysis shows the presence of 
crystalline Li2O2 with grain size of 16 +/- 6 nm on first discharge.22 Increasing cycling 
corresponds to a decrease in the intensity of peaks in the XRD spectra corresponding to Li2O2 
with the peaks becoming indistinguishable at higher (> 6) cycle numbers for cells discharged to 
1000 mAh/gC. However, the XRD peaks corresponding to Li2O2 become visible again when 
discharging to higher capacity regardless of the cycle number. XANES analysis of discharged 
oxygen electrodes shows direct evidence for the formation of Li2CO3-like species at the interface 
between VACNTs and Li2O2, but not significantly on the Li2O2 surfaces exposed to the 
electrolyte. Although Li2O2 and Li2CO3-like species were largely removed upon first charge, the 
oxidation kinetics became increasingly difficult during cycling, which is accompanied by the 
accumulation of Li2CO3 in the discharged and charged electrodes. 
4.4.3 TEM Investigation of Cycled Electrodes 
TEM imaging of cycled electrodes provided insights into the distribution, size, and shape 
of the depositing discharge product as a function of cycle number. Upon first discharge, particles 
formed at 250 mA/gC to a capacity of 1000 mAh/gC appeared as small discrete particles of Li2O2 
of size < 50 nm on the sidewalls of the CNTs as shown in Figure 4.2a. These particles were 
found to become more numerous as the gravimetric capacity was increased to intermediate 
depths-of-discharge as shown in Figure 4.4. This progressive nucleation behavior is discussed 
further in Chapter 5. Upon first charge, the discharge product appears fully removed from the 
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sidewalls of the CNTs both visually (Figure 4.2b) and from the corresponding diffraction pattern 
(Figure 4.4). 
Second discharge resulted in a markedly different morphology for the discharge product, 
with disc particles becoming visible in the electrode as shown in Figure 4.2c and Figure 4.5a-b. 
Although the origin of particle morphological changes from the first to the second discharge is 
not conclusively known, it is proposed that parasitic species from electrolyte decomposition such 
as water and CO2, as reported previously,21 could alter the nucleation and growth kinetics of 
Li2O2. In fact, the addition of H2O to cells has been found to change the observed morphology. 
The proposed increased water content in the electrolyte in the second discharge was supported by 
the following: 1) Karl-Fisher titration of the electrolyte after the 4th discharge showed that the 
water content of the electrolyte increased by ~150 ppm,22 2) the second discharge voltage is 
greater than that in the first discharge, and adding water was shown recently to increase the 
discharge voltages of Li-O2 cells.151 
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Figure 4.2. TEM micrographs of discharged and charged VACNT electrodes as a function of 
cycle number. Inset scale bars = 200 nm. 
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Figure 4.3. TEM micrographs comparing the morphology between electrodes discharged on 1st 
cycle at 250 mA/gC to low (1000 mAh/gC, left) and high (4200 mAh/gC, right) capacity showing 
the increasing coverage of particles along the CNT sidewalls with increasing capacity. 
 
Selected area electron diffraction coupled with bright field TEM imaging provides 
additional insights into the evolving discharge product morphology and chemistry upon cycling. 
Figure 4.4 plots the radial intensity profiles obtained from SAED as a function of cycle number, 
showing that the intensity of reflections attributable to Li2CO3 increasing as a function of cycle 
number. Additionally the morphology observed in the cycled electrodes transitions from discrete 
particles to “fuzzy” coatings on the sidewalls of the CNTs, as shown in Figure 4.2d-f. Further, in 
electrodes that have been cycled many times, large agglomerates of Li2CO3 particles form, as 
shown in the insets of Figure 4.2d-e and chemically identified in Figure 4.4. SAED analysis 
also shows that that the agglomerates are crystalline Li2CO3, which had not formerly been 
observed for cycled electrodes using DME electrolyte.22 
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Figure 4.4. Radial profiles of electron diffraction patterns from cycled electrodes corresponding 
to the TEM micrographs in Figure 4.3. Vertical red and blue bars indicate positions of 
reflections in Li2CO3 and Li2O2 with heights indicating the intensity from XRD reference 
patterns. 
 
 113 
 
Figure 4.5. Bright field TEM micrographs of electrodes exhibiting disc morphologies upon 
discharge after cycling. Electrodes after (a,b) 2nd discharge at 250 mA/gC to 1000 mAh/gC, (c) 6th 
discharge at 250 mA/gC (5 previous cycles to 1000 mAh/gC capacity) to 5700 mAh/gC (2 V vs. 
Li), and 11th discharge (10 previous cycles to 1000 mAh/gC capacity) to 7000 mAh/gC (2 V vs. 
Li). 
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4.4.4 Conclusions 
The increasing amount of Li2CO3 as a function of cycle number is responsible for the 
voltage plateau observed in Figure 4.1, which grows in capacity with increasing cycles. This 
Li2CO3 is almost completely removed upon first charge but begins to accumulate on subsequent 
cycles as represented schematically in Figure 4.6. We report evidence of significant chemical 
and morphological changes occurring in carbon-only Li-O2 battery electrodes during cycling in 
DME. In the first few cycles, these changes are characterized by loss of Li2O2 crystallinity and 
formation of parasitic products such as Li2CO3, which are shown by XANES to be located 
predominantly on the surface of carbon and therefore likely result from chemical reactions 
between carbon and Li2O2 or other discharge intermediates. Although Li2CO3 can be nearly 
entirely removed electrochemically on the first charge, Li2CO3 becomes increasingly difficult to 
oxidize at higher cycles, as evidenced by TEM and SAED showing large Li2CO3 agglomerates 
remaining in the electrode following charge. The increased presence of agglomerates and 
changing morphology of products during cycling is related to an increasing charge voltage with 
increasing cycles. These results reveal new findings regarding the mechanistic origin of poor 
cycle performance in the presence of moderately stable electrolytes, which include coupled 
chemical and morphological changes within the electrode. 
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Figure 4.6. Schematic illustrating the morphological evolution of the discharge product during 
1st and higher cycle numbers and the corresponding influence on the charging voltage.  
 
4.5 Additional Studies 
The carbon nanotube structures summarized in this Chapter were also used in additional 
studies to understand the structure of Li-O2 discharge product during first discharge as a function 
of gravimetric rate and capacity. This study is presented in the Chapter 5, and additional 
investigation of the nucleation and growth behavior of Li2O2 on carbon substrates is presented in 
Chapter 6. 
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Chapter 5. Mechanisms of Morphological Evolution of Li2O2 
Particles During Electrochemical Growth 
5.1 Introduction 
Carbon nanotube and nanofiber electrodes provide22,24 a convenient platform for 
conducting ex situ electron microscopy observations of electrochemically formed Li2O2 owing to 
their high aspect ratios compared to the discharge products being imaged. We utilized the 
freestanding carbon nanotube electrodes described in Chapter 4 as a model system for 
investigating the shape evolution of discrete Li2O2 particles upon first discharge that were first 
observed in our prior study of carbon nanofiber electrodes.24 These particles were found to form 
either at low gravimetric capacity (< 200 mAh/gC) under low rate (~10 mA/gC) discharge or at 
higher capacities (> 5000 mAh/g) under higher rate (~100-250 mA/gC) discharge conditions. 
Regardless of rate and capacity, the resulting particles have a characteristic shape-evolution, 
which is a function of size, and this shape-evolution growth mechanism and crystalline 
microstructure of the particles are discussed in this Chapter.  
5.2 Experimental Details 
Freestanding carpets of carbon nanotube electrodes were prepared using an atmospheric 
pressure chemical vapor deposition process consisting of the catalyzed growth of multi-walled 
carbon nanotube (MWCNT) arrays from Fe nanoparticle catalysts supported on an 
Al2O3(film)/Si(substrate) with C2H4 as the carbon precursor (as discussed in Chapter 4). After 
fabrication, the CNT positive electrodes were assembled in Li-O2 cells inside an Ar-filled glove 
box with a lithium negative electrode and 1,2-dimethoxyethane (DME)-based electrolyte 
containing 0.1 M LiClO4. The assembled cells were purged with O2 gas and discharged 
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galvanostatically at various rates to either arbitrary intermediate depths-of-discharge or to 2.0 V 
vs. Li, depending on the stage of particle growth under investigation. After testing the cells were 
disassembled under Ar and prepared for ex situ SEM and TEM investigation. 
 
5.3 Microscale Morphological Evolution 
The high specific surface area of the freestanding CNT electrodes (~ 500 m2/gC) used in 
this study facilitated investigation of a wide range of specific current densities and their resulting 
effects on particle morphology.  We find that the morphology of Li-O2 discharge product upon 
first discharge is a function of both the gravimetric current density on carbon and the gravimetric 
electrode capacity. This rate and capacity dependence is related to the nucleation and growth 
process for Li2O2 on carbon. Typical SEM and TEM micrographs of electrodes discharged under 
low rate/low capacity and high rate/high capacity conditions are shown in Figure 5.1. At low 
rates (10 mA/gC), sparse particles, nucleated on CNT sidewalls, grow larger into disc- and 
toroid-shaped particles at relatively low (> 100 mAh/gC) gravimetric capacities (Figures 5.1a 
and 5.1b). As evident from TEM imaging, the CNTs in electrodes discharged at low rates 
(Figure 5.1b) are mostly bare and the particle sizes are similar, suggesting instantaneous 
nucleation at relatively few sites early in the discharge process. By contrast, at higher rates (90 
mA/gC), a much higher density of particles with non-uniform shapes form (Figures 5.1c and 
5.1d) and CNT sidewalls appear to be coated by numerous small particles (Figure 5.1d). 
Electrodes discharged at comparable gravimetric rates but to lower gravimetric capacity exhibit 
only coatings of small particles on the sidewalls of the CNTs (Figures 5.2 and 5.3), implying 
that for intermediate (100 - 250 mA/g) gravimetric rates coating of the carbon surface with small 
irregular particles precedes growth of well-defined larger disc and toroidal-shaped particles. 
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Figure 5.1. SEM and TEM micrographs of Li2O2 particles on electrodes consisting of 
freestanding CNT carpets discharged at low and intermediate gravimetric rates. (a) SEM and (b) 
TEM micrographs of an electrode discharged at 10 mA/gC to 200 mAh/gC, with disc-shaped 
particles and bare CNT sidewalls. (c) SEM and (d) TEM micrographs of an electrode discharged 
at 90 mA/gC to 13,000 mAh/gC, with a high density of disc particles and a thin coating of 
discharge product present on the sidewalls of the CNTs. Insets: Higher magnification TEM 
images of the CNT sidewalls, indicated with a dashed yellow line, showing the (b) absence and 
(d) presence of small particles (scale bar = 20 nm).135 
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Figure 5.2. TEM image of an electrode discharged at 100 mA/gC to 5600 mAh/g with a typical 
morphology for these conditions, consisting of small particles of non-uniform shape coating the 
sidewalls of the CNTs. (image width = 1 µm)135 
 
 
Figure 5.3. TEM images of electrodes discharged at 250 mA/gC to increasing depth-of-
discharge. (a) 1000 mAh/gC. (b) 4200 mAh/gC, and (c) 9800 mAh/gC showing an increasing 
coverage of equiaxed Li2O2 particles that precedes the growth of disc particles as seen in (c).135  
 
To investigate the shape evolution of disc and toroid particles, ex situ SEM imaging was 
conducted on electrodes discharged at various rates (10 to 250 mA/gC) to a range of gravimetric 
 120 
capacities (200 to > 10,000 mAh/gC). As seen in Figure 5.4, the particle aspect ratio, defined as 
the ratio of particle thickness, h, to particle diameter, d, increases as a function of particle size 
regardless of the gravimetric discharge rate. These results suggest that Li2O2 particles with disc 
shapes evolve to toroidal shapes as the particle size increases. This trend is further demonstrated 
with representative SEM micrographs of Li2O2 particles as a function of diameter in Figure 5.4. 
 
Figure 5.4. Evolution of the particle aspect ratio as a function of particle size for several 
gravimetric rates. Disc and toroid particles represent a continuum of shapes for Li2O2 particles. 
As seen in both the graph and the SEM micrographs (i-iii), as particles grow larger in size, their 
aspect ratio, defined as the ratio of particle height, h, to particle diameter, d, increases.135 
 
The origin of the observed shape evolution of Li2O2 particles was investigated using 
TEM imaging through the edges of the discs. It was found that the disc and toroid particles are 
composed of arrays of plate-like Li2O2 crystallites as shown in Figures 5.5a and 5.5b; yellow 
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overlays highlight the plate locations. These crystals grow roughly parallel to each other from the 
CNT at the center of the discs and appear to splay apart with increasing disc diameter. Additional 
plates appear to nucleate in the empty space between the splayed plates and the collective result 
of these two processes is the evolution of a rim around the disc circumference.  This leads to 
evolution into the characteristic toroid morphology observed for large particles, as schematically 
illustrated in Figure 5.5c. The plates observed in this study had thicknesses on order of 10 nm, 
which is consistent with measured crystal sizes obtained from x-ray diffraction.22,23,37 
 
 
Figure 5.5. Side-profile TEM images of disc particles discharged at (a) 50 mA/gC to 1000 
mAh/gC and (b) 90 mA/gC to 13,000 mAh/gC with yellow lines highlighting the location of 
discrete plates, which compose the microscale particle; insets show a lower magnification image 
of the particle. (c) Schematic illustration of the microscale shape evolution of Li2O2 particles 
indicating the role of plate splaying and additional plate nucleation in the transition from disc to 
toroid particles. 
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5.4 Electron Diffraction Investigation 
Electron diffraction was used to investigate the crystal structure of the disc/toroid 
particles formed at low rates (10 mA/gC) and is summarized in Figure 5.6. SEM and TEM 
images of representative particles investigated using electron diffraction can be seen in Figures 
5.6a and 5.6b, with an accompanying diffraction pattern in Figure 5.6c. Surprisingly, the 
particles exhibit nearly single crystalline diffraction patterns despite their unusual (e.g. 
unfaceted) microscale shape. However, unlike a single crystalline pattern, which is composed of 
discrete spots, these patterns have a series of broad arcs, the presence of which can be attributed 
to reflections from an array of stacked plate crystallites having a slight rotational misalignment 
along the c-axis of Li2O2, as has also been observed previously in multilayer graphene sheets.152 
 
Figure 5.6. Electron diffraction investigation of individual Li2O2 particles. (a) SEM and (b) 
bright-field TEM images of toroid particles formed electrochemically at 10 mA/gC to a 
gravimetric capacity of 1400 mAh/gC. (c) Simulated Li2O2 [001] zone axis (red and blue dots) 
superimposed over an experimental diffraction pattern for the particle pictured in (b). (d) Side 
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view and top view schematics of a stack of crystallite plates, which compose the disc and toroid 
particles, indicating relevant crystal planes and directions for Li2O2 and the plate rotation axis, 
which is related to the arcs in the experimental diffraction patterns. 
 
Simulations of single crystal zone axis spot patterns were performed using the JEMS 
software package153 and compared to experimental patterns collected from particles oriented 
with [001] directions parallel to the electron beam. The simulations for Li2O2, depicted in Figure 
5.7a for the [001 zone], used the structure proposed by Cota et al.35 having a hexagonal P63/mmc 
space group. Simulations for Li2O, depicted in Figure 5.7b for the [112 zone], used the structure 
proposed by Bijvoet et al.154 having a cubic Fm-3m space group. Experimental diffraction 
patterns for particles formed under a variety of electrochemical conditions were found to match 
the [001] zone axis of Li2O2 well (Figure 5.6c and Figure 5.8).  
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Figure 5.7. Zone axis simulations for Li2O2 and Li2O. (a) [001] zone axis of Li2O2. (b) A single 
[112] Li2O zone axis, and (c) three overlaid [112] Li2O zone axes rotated 60-degrees with respect 
to each other. (d) Overlay of a single [001] zone axis of Li2O2 (blue) and three separate [112] 
zone axes of Li2O (red) showing the relationship between the two crystal phases after electron 
beam irradiation. 
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Figure 5.8. Summary of electron diffraction patterns exhibiting a (001) Li2O2 zone axis pattern. 
Diffraction patterns and corresponding bright-field TEM images for samples discharged at (a) 10 
mA/gC to 1400 mAh/gC, (b) 50 mA/gC to 1000 mAh/gC, (c) 50 mA/gC to 1000 mAh/gC, (d) 75 
mA/gC to 2000 mAh/gC, (e) 90 mA/gC to 13000 mAh/gC, and (f) 250 mA/gC to 3000 mAh/gC. 
 
5.4.1 Beam Induced Conversion of Li2O2 to Li2O 
The Li2O2 particles were found to be sensitive to the electron beam and were partially 
converted to Li2O after extended exposure, as shown in Figure S6, with the Li2O particles 
sharing an epitaxial relationship with the Li2O2 structure. The Li2O has three separate 
orientations, rotated 60-degrees about the [112] zone axis as depicted in Figure 5.7c. When the 
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Li2O2 [001] zone axis is superimposed on the three orientations of Li2O along the [112] zone 
axis, the relationship observed in the experimental diffraction pattern can be seen (Figure 5.7d). 
The Li2O2 particles were found to be sensitive to the electron beam and were partially converted 
to Li2O after extended exposure, as shown in Figure 5.9. Interestingly, the resulting Li2O 
appears to maintain an epitaxial relationship with the underlying Li2O2 matrix as indicated in 
Figures 5.7d, 5.9, and 5.10. In this study beam currents and exposure times were kept short (~1 
minute at low electron flux) to avoid particle damage. 
 
 
Figure 5.9. Effect of electron beam exposure on Li2O2 particles showing the thermally induced 
formation of Li2O after extended electron beam exposure. Diffraction patterns after (a) 0 min 
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(circled region indicates the magnified region in (k)), (b) 1 min,  (c) 2 min, (d) 3 min, (e) 4 min, 
(f) 5 min, (g) 6 min, (h) 7 min, and (i) 8 min (circled region indicates the magnified region in (l)).  
(j) Bright-field TEM image of the particle after 8 minutes of beam irradiation. Magnified regions 
of the diffraction pattern after (k) 0 min, and (l) 8 min of exposure indicating the position of Li2O 
(220) reflections, which appear only after extended electron beam exposure. 
 
 
Figure 5.10. Overlay of simulated diffraction patterns on an experimental pattern from a particle 
exposed to extended electron beam irradiation. Spots show the location of reflections for the 
Li2O2 [001] zone axis (blue) and Li2O [112] zone axis (three orientations) (red). The inset is an 
image of the particle after exposure (scale bar = 100 nm). 
 
5.5 Discussion 
Combining the insights from side-profile TEM imaging, i.e. microscale Li2O2 particles 
are composed of nearly parallel plates with nanoscale thickness, with the results from electron 
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diffraction, it can be inferred that Li2O2 crystallites have a shape that is dominated by a large 
(001) crystal face represented schematically in Figure 4d. The observation of a faceted crystal 
with a large (001) face is consistent with theoretically calculated Wulff shapes for Li2O2,44,46 
which are constructed from crystal faces minimizing the total particle surface energy.  
The nucleation and growth behavior of Li2O2 on carbon substrates is analogous to 
electrodeposition of metals on foreign substrates,155 for which deposition occurs via a Volmer-
Weber island growth mode.156 In this framework, the difference between the potential required 
for nucleation of Li2O2 on CNTs, U(Li2O2/CNT), and the equilibrium potential for growth 
Ueq(Li2O2/ Li2O2), influences the resulting morphology. At low gravimetric rates, at which 
Uapplied exceeds U(Li2O2/CNT) by a small amount, the driving force for nucleation on the CNTs 
is small resulting in nucleation and growth of Li2O2 at a small, fixed number of energetically 
accessible sites in the electrode, as we have observed (Figure 1a and 1b), with growth proceeding 
in a kinetically controlled regime via layer-by-layer addition of Li2O2 on existing Li2O2 crystal 
faces, resulting in large facetted crystallites (Figure 4).  While a small driving force for Li2O2 
deposition, |Uapplied - Ueq(Li2O2/ Li2O2)|, leads sparse nucleation and kinetically-controlled 
growth of faceted crystals, at higher gravimetric rates the driving force for nucleation is large 
|Uapplied - Ueq(Li2O2/ CNT)| and results in progressive nucleation (Figure S2) of particles on the 
sidewalls of  the CNTs (Figure 1c, 1d, and S1). In this high driving force regime, the barrier to 
layer nucleation is low and growing particles are more likely to develop spherical/unfaceted 
shapes (Figure S1). The specific current density on growing Li2O2 surfaces will decrease with 
increasing particle size and surface area, which enables the growth of discs and toroids only at 
high capacities when rates are high. 
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Since the average shape and dimensions of Li2O2 particles are known from SEM 
measurements, the number of particles in the electrode and the magnitude of the Li2O2 specific 
current density on Li2O2 surfaces can be estimated to provide an order of magnitude estimate for 
the current density required for kinetically-controlled growth of facetted crystals. The shape of 
the observed Li2O2 microscale particles (Figure 2) can be approximated as a disc (Figure S8) 
with an evolving radius and thickness for the purpose of estimating the specific current density 
on the top/bottom and circumferential faces, corresponding roughly to (001) and (110)/(1-10) 
planes, respectively. Using a simple model for disc growth (See details in Appendix D) we have 
estimated the current density on the circumferential faces of Li2O2 particles to be 0.16 +/- 0.13 
µA/cm2Li2O2.  It should be noted that this disc model underestimates the true surface area of the 
particles since it is known from electron microscopy that microscale Li2O2 particles are 
composed of many discrete disc-like crystallites with nanoscale thickness. Therefore, the 
calculated value for the current density represents an upper bound for the true current density on 
the Li2O2 plates. Comparisons of this estimated current density to reports in the literature are 
difficult since current is typically reported normalized versus electrode mass or electrode specific 
surface area. Viswanathan et al.,157 conducted experiments involving galvanostatic discharge (~1 
µA/cm2) in a Li-O2 cell using a flat glassy carbon cathode on which they assumed a continuous 
Li2O2 film. This suggests that Li2O2 discs/toroids were not observed in this case because the 
specific current density was too high resulting in a film having a similar structure to the small 
equiaxed particles we observed coating the CNTs at high rates. 
The shape of Li2O2 particles observed in this study is highly unusual since the particles 
exhibit single-crystalline diffraction patterns yet also have very complex microscale 
morphologies, attributed to the observed plate splaying and secondary nucleation of plates. 
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Depending on its surface termination,45,48 Li2O2 can behave as a polar crystal (See discussion in 
Chapter 1) and spontaneous bending of thin polar49 crystallites has been observed since the 
1960’s.158 More recent discoveries of a variety of unusual shapes (e.g. 
nanohelixes/nanosprings,159 and microspheres160) exhibited by polar ZnO nanostructures161 have 
led to increased interest in understanding the origin of spontaneous crystallite bending. 
Spontaneous bending of thin crystals has generally been attributed to the existence of three 
separate phenomena: 1) Differences in the magnitude of surface stress on opposite crystal 
faces162 resulting from differing surface terminations and surface energies on opposite crystal 
faces, 2) uncompensated surface charges, inherent to some polar crystals,49 leading to bending 
resulting from energy minimization (electrostatic and elastic components),159,163 and 3) 
piezoelectric-induced deformation in which a through-thickness charge distribution gradient 
causes a stress gradient that drives bending.164 Majidi et al.164 developed a thermodynamic model 
that they used to rule out the possibility of energy minimization mechanism as a possible 
explanation for crystal bending, leaving only surface stress and piezoelectric mechanisms as 
possible candidates.  
The piezoelectric deformation mechanism described by Majidi164 is an appealing 
candidate mechanism for explaining the spontaneous bending of Li2O2 crystallites because Li2O2 
crystals seem to exhibit many of the requisite physical properties (e.g. polar character, charge 
compensation, and converse piezoelectricity). Radin et al.45,46 have found that the lowest energy 
(001) surfaces of Li2O2 are O-rich polar surfaces and that the stabilization of these surfaces 
occurs via charge compensation wherein electrons are depleted from the O-rich surfaces as 
demonstrated in other metal oxides.165 The crystal structure of Li2O2 was originally described as 
belonging to the P-6 space group by Foeppl et al. in 1957,34 and this structure was subsequently 
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optimized via DFT calculations by Cota et al.35 finding that the crystal structure appeared to be 
better described by the P63/mmc space group. Further, experimental characterization of Li2O2 
was conducted recently,36 wherein the authors found that the structure is better described as P-6, 
as Foeppl originally proposed, noting issues with the DFT approach by Cota.35 While subtly 
different crystal structures, P-6 is non-centrosymmetric and P63/mmc is centrosymmetric with 
the former capable of exhibiting piezoelectricity, whereas the latter cannot. However, close 
inspection of the piezoelectric properties of the P-6 space group166 reveals that a electrical 
polarization along the c-axis will not result in any elastic strain in the crystal therefore ruling out 
piezoelectric deformation via charge compensation as a mechanism for explaining the observed 
bending. 
The particle shapes observed in this study are similar to materials formed via a proposed 
mesocrystallization process,167 wherein small precursor crystallites, stabilized by a polymer 
additive, aggregate into a larger crystal exhibiting long range ordering. The prototypical 
mesocrystalline material system is CaCO3, for which there exist many reports of toroid 
structures.168-170 Toroidal-shaped particles have also been found in the ZnO,160 Co3O4,171 and 
LiFePO4172 systems. While a mesocrystalline aggregation mechanism has been proposed for the 
toroid particles reported elsewhere, these other cases do not involve electrochemical deposition, 
in which crystallite formation requires electrical connectivity to the electrode.  A fully analogous 
aggregation mechanism therefore seems unlikely in the present case. 
5.6 Summary  
We have shown that at low gravimetric rates, electrochemically grown Li2O2 particles 
evolve from disc-like and toroid-like shapes as their sizes increases. Further we observe that at 
high rates, growth of small equiaxed particles precedes growth of discs, which form only at high 
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capacities. The disc and toroid particles are comprised of thin plates of Li2O2 with the large facet 
of the plates having a [001] surface normal.  These faceted shapes are consistent with theoretical 
calculations of the equilibrium Wulff shape for Li2O2 and a layer-by-layer growth mode.  Plate 
splaying observed in the growing particles can likely be attributed to differences in surface stress 
on opposite sides of the thin crystallites with the plate splaying driving the evolution from disc to 
toroidal shapes. 
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Chapter 6. Modeling the Nucleation and Growth of Li2O2 
6.1 Introduction 
 As outlined in the preceding Chapter, large Li2O2 particles can form at low gravimetric 
current densities (~10 mA/gC) at low gravimetric capacities (< 200 mAh/gC), or at higher 
gravimetric current densities at larger gravimetric capacities, wherein the specific current density 
on Li2O2 surfaces has fallen to a level that can support the growth of discs and toroids. Unlike 
the case of low gravimetric current densities (~10 mA/gC on CNTs), where nucleation appears to 
be instantaneous at low depth-of-discharge, leading to roughly monodisperse growth of large 
microscale Li2O2 particles, at intermediate to high gravimetric current densities (>50 mA/gC), the 
nucleation process appears to be progressive with increasing particle coverage with increasing 
capacity as shown in Figure 5.3. For the design of electrodes with improved volumetric energy 
density, which more efficiently fill the void volume of the electrode during discharge, it will be 
helpful to better understand the heterogeneous nucleation and growth processes for Li2O2. Prior 
modeling results tend to assume a conformal film on the surface of an electrode,60,157 although 
this is not supported by experimental observations of Li2O2 growth.22,24 
 The nucleation and growth processes for Li2O2 are reminiscent of the processes that 
occur during electrodeposition of metals on foreign substrates.156 This process is well understood 
and numerous models173-178 have been developed that simulate current transients under 
potentiostatic deposition conditions. While batteries are discharged galvanostatically, 
potentiostatic discharge is a useful technique for understanding nucleation and growth processes 
because the driving force for nucleation is the overvoltage applied to the electrochemical cell, 
and conducting a series of potentiostatic experiments over a range of overpotentials, coupled 
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with a corresponding kinetic model, can be helpful for extracting parameters such as the 
nucleation rate and the nucleation site density, and their corresponding potential dependences. 
This Chapter discusses two separate potentiostatic current transient models describing 
nucleation and growth of an electrodeposited material on carbon nanotubes for the separate cases 
of mass transport limitations, and electronic transport limitations. It is found that the mass 
transport limitation model significantly overestimates the currents expected, suggesting that the 
origin of kinetic limitations are due to poor transport of electronic carriers through the increasing 
thickness of depositing Li2O2 particles.  
6.2 Potentiostatic Experiments 
Potentiostatic experiments were performed to begin to understand the effect of the 
overvoltage on the nucleation and growth processes and a partial summary of potentiostatic 
current transients is shown in Figure 6.1 (left), and compared, qualitatively, to curves from the 
literature for electrodeposition of lead on vitreous carbon. Generally for potentiostatic 
electrodeposition, after an initial delta-function-like current transient attributable to double-layer 
charging, the current increases early in the deposition process due to particle nucleation on the 
substrate and the increasing surface area of the depositing material. At longer times the current 
decreases and asymptotically approaches the current expected due to mass transport diffusion 
limitations. For the case of lead deposition on carbon substrates, depicted in Figure 6.1 (right), 
the limiting current is given by Cottrell’s equation, 
i = nFAD0C0
π 1/2t1/2 ,     (1) 
where n is the number of electrons/adatom, A is the electrode area, F is Faraday’s constant, D0 is 
the diffusion coefficient, C0 is the initial concentration in solution, and t is time.179 Cottrell’s 
equation assumes mass transport limitations of reacting species in solution with a diffusion 
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gradient corresponding to the conditions of semi-infinite linear diffusion in a planar geometry 
and also ignores the effects of nucleation.179 The geometry of the concentration gradient must be 
modified for the case of CNTs due to their cylindrical shape. Fitting to Cottrell’s equation was 
attempted at high overvoltages because these conditions will most likely produce the conditions 
for a conformal film/cylinder of Li2O2, i.e. instantaneous nucleation of Li2O2 on all surfaces 
early in the discharge, therefore leading to diffusion controlled growth on all surfaces. 
           
Figure 6.1. (left) Partial set of potentiostatic current transients (absolute value of current) 
collected from cells discharged at a range of potentials. The data collected to-date is somewhat 
noisy, and further data collection will be needed to further investigate the observed trends. (right) 
Potentiostatic current transients for electrodeposition of lead on a vitreous carbon substrate at a 
range of overvoltages.174  
 
In addition to collecting current transient data, TEM imaging was performed to 
understand the shape, size, and distribution of Li2O2 particles in the electrode as a function of 
rate. Bright-field TEM micrographs for several potentiostatic discharge conditions (various rates 
to roughly the same gravimetric capacity) are summarized in Figure 6.2. In all cases, for 
discharge at potentials at 2.6 VLi (similar to galvanostatic discharge at ~100 mA/gC, with the 
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corresponding morphology shown in Figure 5.2) and lower resulted in small non-uniform 
particles on the sidewalls of the CNTs. Further, selected-area electron diffraction demonstrated 
that the particles are composed of crystalline Li2O2. At constant potential and increasing time, 
the particles appear to become more numerous with increasing size, as shown in Figure 6.3, 
suggesting that nucleation is occurring in a progressive way, even at large (2.0 VLi) overvoltages. 
This is consistent with increasing coverage of Li2O2 on the CNT surfaces during depth-of-
discharge experiments performed galvanostatically (Figure 5.3). 
 
 
Figure 6.2. Bright-field TEM images of electrodes discharged at (a) 2.6 VLi to ~5700 mAh/g 
(~55 hours), (b) 2.4 VLi to ~5000 mAh/g (~27 hours), and (c) 2.0 VLi to ~5000 mAh/g (~17 
hours). The insets are SAED patterns with characteristic Li2O2 ring patterns. 
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Figure 6.3. Bright-field TEM images of two electrodes discharged at 2.0 VLi to (a) 5000 
mAh/gC, and (b) 15,000 mAh/gC. The number and size of the particles covering the CNT surface 
increases as a function of capacity, suggesting a progressive nucleation regime even at large 
overvoltages. 
 
6.3 Mass Transport Limitation Model 
A simple model was developed, which investigates the rate of nucleation and growth on a 
single CNT, in order to understand whether mass transport limitations were contributing to the 
rate dependence observed in Li-O2 cells. This model builds on kinetic models in the literature 
that replicate the current transients observed during potentiostatic electrodeposition of metals on 
planar substrates, in particular the work of Scharifker and Mostany, which is sometimes referred 
to as the SM model for electrodeposition.175,176 This model assumes that particles nucleated on a 
1D conductor will have a spherical shape and, as such, diffusion can be well described by the 
case of spherical diffusion179 in the region near the particle. Diffusion processes will behave as 
semi-infinite diffusion to a cylinder for regions far from the 1D conductor and this scenario is 
shown schematically in Figure 6.4. Equating the derived expressions for the cases of spherical 
and cylindrical diffusion leads to an expression for a diffusion zone along the CNT axis which 
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relates the amount of material consumed at the growing particle to the material diffusing to the 
CNT axis from an infinite distance. 
 
Figure 6.4. Schematic diagram of the radially-symmetric diffusion zones surrounding the 
growing nuclei with different concentration gradients near the particle (spherical diffusion) and 
far from the CNT axis (semi-infinite cylindrical diffusion). Figure adapted from Scharifker et 
al.175 
 
6.3.1 Spherical Diffusion to a Single Nucleus 
The Li2O2 particles are modeled as spheres and therefore the surface area is given as 
A = 4πr
0
2 ,     (2) 
where A, is the area of the sphere, and r0, is the particle radius. Mass transport to the surface can 
be expressed by Fick’s First Law, 
Js = −D
∂c
∂r
⎛
⎝⎜
⎞
⎠⎟ r= r0
,     (3) 
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where Js, is the mass flux, D, is the diffusion coefficient (for either Li+ or O2), and c, is the 
concentration of species in solution (either Li+ or O2). The concentration gradient for spherical 
diffusion has the well-known form179 
 
∂c
∂r
⎛
⎝⎜
⎞
⎠⎟ r= r0
=
c0
πDt( )1/2
+
c0
r0

c0
r0
,     (4) 
where c0 is the concentration (mol/cm3) when r → ∞, and this gradient can be approximated as 
c0/r0 due to the small size of the nuclei in this system. 
6.3.2 Cylindrical Diffusion to a Single Nucleus 
Similarly, for cylindrical diffusion, the area of the CNT surface inside a diffusion zone is 
expressed as 
A = 2πrCNT Ld ,     (5) 
where rCNT, is the CNT radius, Ld, is the diffusion zone length along the CNT. Diffusion to the 
cylinder is described by Fick’s First Law 
Jr = −D
∂c
∂r
⎛
⎝⎜
⎞
⎠⎟ r= rCNT
,     (6) 
where Jr, is the radial flux. The case of semi-infinite diffusion to a cylinder is described by 
Fick’s Second Law, 
∂c
∂t = D
∂2c
∂r2 +
1
r
∂c
∂r
⎡
⎣
⎢
⎤
⎦
⎥ ,     (7) 
with the boundary/initial conditions, 
c(r,0) = c0 ,     (8) 
c(rCNT ,t) = 0 ,     (9) 
and 
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c(∞,t) = c0 .     (10) 
The solution to Fick’s Second Law is expressed as the following, as for the analogous case of 
heat conduction in a comparable geometry,180 
∂c
∂r
⎛
⎝⎜
⎞
⎠⎟ r= rCNT
=
4c0
π 2rCNT
exp − Dtr02
u⎛
⎝⎜
⎞
⎠⎟
du
u J02 (u) +Y02 (u)⎡⎣ ⎤⎦0
∞
∫ ,     (11) 
where t is time, and J0 and Y0 are Bessel Functions of the first and second kind respectively. This 
expression is mathematically complicated, but can be simplified under conditions of large and 
small 𝜙, which is given as the grouped term,  
,     (12) 
with corresponding solutions to Fick’s Second Law,  
Small 𝜙 solution: ∂c
∂r
⎛
⎝⎜
⎞
⎠⎟ r= rCNT
=
c0
r0
1
πφ( )1/2
,     (13) 
and 
Large 𝜙 solution: ∂c
∂r
⎛
⎝⎜
⎞
⎠⎟ r= rCNT
=
2c0
r0
1
ln 4φ( ) ,     (14) 
as has been demonstrated by Delahay.181 Due to the extremely small radius of the CNTs, the 
large 𝜙 solution is applicable at all times. 
6.3.3 Diffusion Length 
Equating the rate of deposition (i.e. the product of the surface areas and the expressions 
for Fick’s Second Law) for the cases of spherical and cylindrical diffusion allows the calculation 
of an expression for the diffusion zone length, Ld, along the CNT axis, where 
4πr02Js = 2πrCNT LdJr ,     (15) 
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so 
−4πr02D
∂c
∂r
⎛
⎝⎜
⎞
⎠⎟ r= r0
= −2πrCNT LdD
∂c
∂r
⎛
⎝⎜
⎞
⎠⎟ r= rCNT ,     (16)
 
and 
Ld =
2r02
rCNT
∂c
∂r
⎛
⎝⎜
⎞
⎠⎟ r= r0
∂c
∂r
⎛
⎝⎜
⎞
⎠⎟ r= rCNT
⎡
⎣
⎢
⎢
⎤
⎦
⎥
⎥
−1
.     (17) 
Substituting in the approximate solution for concentration gradients in the spherical and radial 
cases yields, 
Ld = r0 ln 4
Dt
rCNT2
⎡
⎣
⎢
⎤
⎦
⎥ ,     (18) 
where the diffusion zone length, surrounding the growing particle, will nominally have a 
logarithmic time dependence, although r0 will also have a time dependence as discussed below. 
The expression for r0, the radius of the growing particle as a function of time, can be 
found by equating expressions for the current due to diffusion processes (Modified Fick’s First 
Law for spherical diffusion), and current due to the volume change of the particle (Faraday’s 
Law). The current from diffusion to a sphere is given as, 
IDiffusion = zFD4πr0c0 ,     (19) 
where z is the number of electrons/ Li2O2 molecule (2 electrons) and F is Faraday’s constant. 
The current due to the particle volume change is given by, 
IΔV = zF
ρ
M
dV
dt
⎛
⎝⎜
⎞
⎠⎟
= zF ρM 4πr0
2 dr
dt
⎛
⎝⎜
⎞
⎠⎟ ,     (20) 
where ρ is the density of Li2O2 (2.31 g/cm3), M is the molar mass (45.881 g/mol), and V and r are 
the particle volume and radius, respectively. Equating the preceding two terms, expressing 
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diffusion and volume currents respectively, and integrating both sides of the expression yields 
the following, 
,182    (21) 
and the full expression for the diffusion zone length is given as, 
Ld = r0 ln 4
Dt
rCNT2
⎡
⎣
⎢
⎤
⎦
⎥ =
2Dc0M
ρ
⎛
⎝⎜
⎞
⎠⎟
1/2
t1/2 ln 4 DtrCNT2
⎡
⎣
⎢
⎤
⎦
⎥ .     (22) 
6.3.4 Nucleation and Current Transient Analysis 
Now that the diffusion zone length, Ld, surrounding a growing nuclei, is known, a 
Johnson-Mehl-Avrami analysis can be used to determine the total fraction of transformed CNT 
length and in turn allow the calculation of current transients. The Johnson-Mehl-Avrami analysis 
in one-dimension relates the extended length of all particle diffusion zones covering the CNT 
surface (i.e. the length of all particles if there was no overlap), to the true length of CNT surface 
covered by particle diffusion zones.183 The resulting fraction of CNT length covered by the 
diffusion zones, θ, can then be multiplied by the expression for diffusion-limited current to a 
cylindrical conductor to find the corresponding current transient. The Johnson-Mehl-Avrami 
equation is given as, 
θ = 1− exp −θext( ) ,     (23) 
and 
θ = 1− exp − Ld∑( ) ,     (24) 
where θ, is the true-length fraction, θext, is the extended length fraction, and ∑Ld is the total 
length of diffusion zones per unit length (cm/cm, unitless), excluding overlap. In turn the 
resulting current transient can be expressed as, 
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I = zFJrθ
I = −zFD ∂c
∂r
⎛
⎝⎜
⎞
⎠⎟ r= rCNT
θ
I = −zFD ∂c
∂r
⎛
⎝⎜
⎞
⎠⎟ r= rCNT
1− exp − Ld∑( )⎡⎣ ⎤⎦ ≡ Current/Area
 (25) 
For the case of progressive nucleation, the number of nuclei is increasing with constant 
rate as a function of time, excluding particle overlap and ingestion of unnucleated sites by the 
growing particles. Therefore, the summation of diffusion lengths in the extended case is 
represented by a summation of the form, 
Ldi
i=1
N
∑ = 2Dc0Mρ
⎛
⎝⎜
⎞
⎠⎟
1/2
ti1/2 ln 4
Dti
rCNT2
⎡
⎣
⎢
⎤
⎦
⎥
i=1
N
∑ ,     (26) 
where, N, is the number of nuclei per unit length as a function of time. This summation can be 
converted to an integral with the dummy variable, u, which has units of time, 
Ldi
i=1
N
∑ = Ld (t − u)Adu
0
t
∫ = A
2Dc0M
ρ
⎛
⎝⎜
⎞
⎠⎟
1/2
t − u( )1/2 ln 4 D t − u( )rCNT2
⎡
⎣
⎢
⎤
⎦
⎥
0
t
∫ du =
A 2Dc0M
ρ
⎛
⎝⎜
⎞
⎠⎟
1/2 2
9 t
3/2 2.16 + 3ln DtrCNT2
⎡
⎣
⎢
⎤
⎦
⎥
⎛
⎝⎜
⎞
⎠⎟
,     (27) 
where, A is the nucleation rate (#/cm/s). Inserting this expression into the current transient 
expression, and multiplying by the specific surface area of CNTs, aCNT, yields an expression for 
the gravimetric current of the potentiostatic current transient, 
jCNT = −zFD
2c0
rCNT
aCNT ln
4Dt
rCNT2
⎡
⎣
⎢
⎤
⎦
⎥
−1
1− exp −A 2Dc0M
ρ
⎛
⎝⎜
⎞
⎠⎟
1/2 2
9 t
3/2 2.16 + 3ln DtrCNT2
⎡
⎣
⎢
⎤
⎦
⎥
⎛
⎝⎜
⎞
⎠⎟
⎛
⎝
⎜
⎞
⎠
⎟
⎡
⎣
⎢
⎢
⎤
⎦
⎥
⎥
.     (28) 
Current transients can be calculated for different values of the nucleation rate, A, to attempt to 
match the current transients observed during potentiostatic discharge. Mathematica code was 
written to simulate the current transients, and is included in Appendix E. Example output of 
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simulated current transients is shown in Figure 6.5. O2 was considered as the diffusing species 
(although Li+ could also be similarly considered) since it is expected to be kinetically limiting, 
relative to Li+, because of its concentration and diffusivity in DME electrolyte.7 
 
 
 
Figure 6.5. Current transient output for different values of the product A (#/cm/s). Experimental 
values used in this model are DO2 = 4e5 cm2/s, c0 = 0.00876 M (O2 in DME),7 aCNT = 500 m2/gC, 
rCNT = 4 nm (from TEM measurements).  
 
6.3.5 Discussion 
This model assumes that there is no electrical conductivity limitation in the growing film, 
which is problematic since Li2O2 is known to be an insulator with bandgap > 2 eV,46 although 
some electronic conduction mechanisms are theorized to exist.44,45,184 The currents predicted by 
the mass transport limitation model are larger than the observed current densities by greater than 
eight orders of magnitude. While this can be partly explained by the use of a semi-infinite 
diffusion expression to describe mass transport to the CNT, which assumes a constant 
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concentration of reactant species at an infinite radial distance from the CNT, considering that the 
CNTs are arranged in an array structure with small inter-CNT spacing, the overestimate of the 
current is still unsatisfactory. In retrospect, the absence of mass transport limitations seems 
obvious, given that particle sizes appear uniform through the thickness of the CNT electrode, 
which can be roughly ~500 µm, and Figure 6.6 shows a cross section of CNT electrode with 
uniform size and distribution of particles across large distances. Further, recent experiments 
completed in collaboration with Sandia National Lab, in which electrochemically-formed Li2O2 
supported on MWCNTs was charged during in situ TEM experiments, demonstrated that 
electronic limitations are significant at large overvoltages and this limitation is also likely present 
during discharge (oxygen reduction reaction).185 While the mass transport limitation model now 
seems inappropriate for Li2O2 deposition, it could find future utility in studies that investigate the 
nucleation and growth behavior of metals on CNTs, for which electronic current limitations are 
largely insignificant. 
 
Figure 6.6. Cross-section SEM image of a discharged CNT electrode (50 mA/gC, to 1000 
mAh/gC), showing uniform distribution of similarly sized disc particles. 
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6.4 Electronic Conductivity Limitation Model 
To address the shortcomings of the mass transport limitation model, an additional model 
is developed that assumes that the thickness of the depositing Li2O2 discharge product will be 
governed by the increasing electrical resistance of the growing particles. The first section will 
address the governing current density due to conduction through a conformal film of Li2O2, 
while the second section will address the case of nucleation and growth. 
6.4.1 Electronically Limiting Current Density 
Under the assumption that there is instantaneous nucleation on all surfaces of the CNT 
and that Li2O2 is deposited as a smooth hollow cylinder, an expression for the governing current 
density can be calculated. Figure 6.7 is a schematic that shows the geometry of a cylinder of 
Li2O2 that would be conformally formed on the surface of CNTs during discharge at large 
overvoltage. 
 
Figure 6.7. Schematic showing the geometry for an infinite hollow cylinder of Li2O2, which 
surrounds a CNT. a and b are the inner and outer radii of the cylinder, respectively. 
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The flux of charge carriers from surfaces at radius a to the surface at radius b can be 
described with the flux equation, 
Je− = −σ
∂φ
∂r
⎛
⎝⎜
⎞
⎠⎟ r=b
≡
A
cm2 ,     (29) 
where the time dependent potential is given as, 
∂φ
∂t = σ
∂2φ
∂r2 +
1
r
∂φ
∂r
⎡
⎣
⎢
⎤
⎦
⎥ ,     (30) 
which can be solved and differentiated to yield the potential gradient in the flux expression. 
Under steady-state conditions, the solution for the potential distribution in an infinite hollow 
cylinder where 𝜙a and 𝜙b are the potentials at the inner and outer radii, respectively, is,180,186 
φ =
φa ln b r( ) + φb ln r a( )
ln ba( )
.     (31) 
Taking the derivative with respect to r, and assuming that 𝜙b= 0 (i.e. the current drop across the 
film is exclusively due to electronic losses) and b = r, leads to an expression for the potential 
gradient, 
∂φ
∂r = −
φa
r ln
r a( )⎡⎣ ⎤⎦
−1
.     (32) 
This gradient can be used to calculate the current flux and the resulting expression is, 
Je− = −σ
∂φ
∂r
⎛
⎝⎜
⎞
⎠⎟ r=b
= σ φar ln
r a( )⎡⎣ ⎤⎦
−1
≡
A
cmLi2O22
,     (33) 
with the current per length calculated by multiplying this expression by the CNT circumference, 
2πrJe− = 2πσφa ln r a( )⎡⎣ ⎤⎦
−1
≡
A
cmLi2O2
.     (34) 
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In a way similar to the approach used in the mass transport limitation model, the current 
due to the diffusive process (in this case from charge carrier transport in the thickness of the 
film), is equated to an expression for the current due to the volume change (a modification of 
Faraday’s Law), which allows solution for an expression for the radius, r(t), and its derivative, 
r(t)/dt, as a function of time, 
2πσφa ln r a( )⎡⎣ ⎤⎦
−1
= zF ρM
⎛
⎝⎜
⎞
⎠⎟
2πr drdt
⎛
⎝⎜
⎞
⎠⎟
,     (35) 
and 
σφa
zF
M
ρ
⎛
⎝⎜
⎞
⎠⎟
dt
0
t
∫ = r ln r a( )dra
r
∫ ,     (36) 
which can be solved numerically using Mathematica. (The Mathematica code is shown in 
Appendix E.) The expression for the limiting gravimetric current density can be found by using 
the expression for Faraday’s Law and with the derived expressions for r(t) and dr(t)/dt, 
jCNT = zF
ρ
M
⎛
⎝⎜
⎞
⎠⎟
2πr[t]dr[t]dt
aCNT
2πrCNT
⎛
⎝⎜
⎞
⎠⎟
≡
A
gC
,     (37) 
where r(t) and dr(t)/dt are functions of the electronic conductivity of Li2O2, σ, and overvoltage 
(EEquilibrium – EApplied - EKinetic), 𝜙a, i.e. the voltage which is dropped across the growing film. The 
magnitude of the current density will be a function of the overvoltage, which is schematically 
illustrated in Figure 6.8. 
 149 
 
Figure 6.8. Gravimetric current transient under conditions of electronic transport limitations, 
shown as a function of overvoltage. 
 
The model output is compared to experimental data for a potentiostatic current transient 
collected at a high overvoltage (2.0 VLi) in Figure 6.9. The model only uses the conductivity of 
Li2O2 as a fitting parameter, with all other values supplied from the literature or from the 
conditions of the experiment. The model reproduces the general shape of the curve for a 
discharge experiment lasting for greater than 16 hours, and the extracted conductivity of Li2O2 
was found to be 8.5 x 10-13 S/m, which is within the expected conductivity for an oxide material. 
While this value is lower than extracted values reported elsewhere in the literature (1 x 10-10 
S/m),9,157 it is important to note that the experimental conditions at 2.0 VLi fall within a 
nucleation regime that appears to be progressive, as evident in Figure 6.3. These conditions lead 
to only partial coverage of the surface and in turn an underestimation of the electrical 
conductivity. Future studies using higher overvoltage discharge (i.e. < 2.0 VLi) will be helpful to 
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better replicate the primary assumptions of the model, a conformal coating and a uniformly 
increasing Li2O2 shell thickness, which may be achievable at higher overvoltages due to more 
copious nucleation conditions earlier in the discharge. 
 
 
Figure 6.9. Potentiostatic current transient for a sample discharged at 2.0 VLi, to ~5000 mAh/gC 
(grey dots) compared to model output (red line) using the conductivity of Li2O2 as a fitting 
parameter, which was found to be 8.5 x 10-13 S/m.  Other model parameters were: aCNT = 500 
m2/gC, rCNT = 4 nm, 𝜙a = 0.76 V. 
Because of the complexity of the form of the expression describing the potential 
distribution in a hollow cylinder, requiring numerical mathematical methods, the implementation 
of additional calculations describing electronically limited nucleation are not trivial. However, 
since the particles and films formed on CNTs are relatively thin, with respect to the CNT, the 
potential term can be simplified as, 
Je− = −σ
∂φ
∂r
⎛
⎝⎜
⎞
⎠⎟
= −σ φr − rCNT( )
≡
A
cmLi2O22
,     (38) 
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where the applied voltage is dropped across the thickness of the growing particle. Using the same 
approach as was followed for the hollow cylinder potential gradient, i.e. equating mass transport 
rates derived from expressions for electronic transport and Faraday’s Law, respectively,   
2πrJe− = 2πrσ
φ
r − rCNT( )
= 2πr zFρM
⎛
⎝⎜
⎞
⎠⎟
dr
dt
⎛
⎝⎜
⎞
⎠⎟
,     (39) 
and proceeding to integrate both sides, 
σφM
zFρ
⎛
⎝⎜
⎞
⎠⎟
dt
0
t
∫ = r − rCNT( )dr
rCNT
r
∫ ,     (40) 
yields an expression for the radius as a function of time, t, and overvoltage, 𝜙,   
r = rCNT +
2σφM
zFρ t ,     (41) 
and this expression can be differentiated to find the radial growth rate, dr/dt, 
dr
dt =
σφM
2zFρ
1
t .     (42) 
These results replicate well the shape and magnitude of the expressions derived for the radial 
growth in the hollow cylinder geometry for small values of particle radii investigated in this 
study, but investigations of electronic transport in larger particles will require the use of the 
previously derived potential distribution for a hollow cylinder, and a numerical methods 
approach for calculation of the current transits involving nucleation. Using the simplified 
versions of the radius and radial growth rate as a function of time, combined with Faraday’s 
Law, an expression for electronically limiting gravimetric current density can be written as, 
jCNT = zF
ρ
M
⎛
⎝⎜
⎞
⎠⎟
2π rCNT +
2σφM
zFρ t
⎛
⎝⎜
⎞
⎠⎟
σφM
2zFρ
1
t
aCNT
2πrCNT
⎛
⎝⎜
⎞
⎠⎟
≡
A
gC
,     (43) 
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which can be used, along with the expressions for radius (41) and radial growth rate (42), in 
subsequent calculations of the current transient during nucleation. 
 
6.4.2 Nucleation Treatment – Macrogrowth Model 
Development of a nucleation and growth model describing coverage of a one-
dimensional conductor is relatively straightforward and can be obtained through a Johnson-
Mehl-Avrami analysis.183 However, since an expression for the current density is required, the 
size and shape of the growing three-dimensional particles needs to be considered. Further, the 
derivation needs to include the effects of particle overlap at later stages of the discharge process. 
Bosco et al.187,188 developed an analytical model describing the growth of three-dimensional 
hemispherical islands on the surface of a planar electrode using the application of a two-
dimensional Johnson-Mehl-Avrami analysis. In this approach, islands are assumed to form as 
hemispheres that have a time-dependent size, which is a function of time, t, and the nucleation 
time, τ, for a given particle. These particles will eventually overlap as indicatied in Figure 6.10, 
and calculation of the extent of the three-dimensional growth of the particles can be found by 
first deriving an expression for a two-dimensional Johnson-Mehl-Avrami analysis performed on 
a slice of the hemispherical particles parallel to the growth substrate. This expression can then be 
integrated from height equal to zero to the height of the tallest hemispherical particle, yielding 
the volume per area of the growing assembly of particles as a function of time. This volume/area 
term can be differentiated and combined with Faraday’s law to write an expression for the 
current transient as a function of time.  
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Figure 6.10. Schematic representation of two overlapping hemispherical particles on a planar 
substrate. An expression for the true coverage of a slice of the growing particle array at height, h, 
can be calculated through the application of a Johnson-Mehl-Avrami analysis and this expression 
can be integrated over the thickness of the growing particles to find the volume/area as a function 
of time. Adapted from Bosco et al.187 
 
The approach utilized by Bosco et al. can be adapted to the case of cylindrical particles 
that are nucleating and growing along the axis of a carbon nanotube. As indicated in Figure 
6.11, the particles will nucleate at different points along the CNT and then grow radially at a rate 
that is governed by the transport of electronic carriers through the thickening Li2O2 particle, Ġr, 
and grow axially along the CNT axis at a different rate, ĠL. The extent of radial growth as a 
function of time, t, and nucleation time, τ, is given by, 
 
r(t,τ ) = drdt
⎛
⎝⎜
⎞
⎠⎟ u
du
τ
t
∫ = Gr( )u du
τ
t
∫ .     (44) 
Assuming that the axial growth rate, ĠL, is constant in time, the length for a given particle is 
defined as, 
 Li = 2 GLt .     (45) 
 
 154 
 
Figure 6.11. Schematic showing the axial (left) view of a CNT onto which two independent 
particles have nucleated and grown together. A Johnson-Mehl-Avrami analysis can be performed 
on a cylindrical slice, coaxial with the CNT, with arbitrary radius, r*. This expression can be 
integrated from the CNT radius to the outer radius of the largest particle, r(t,0), as depicted in the 
radial (right) view, to find the extent of the three dimensional macrogrowth along the CNT 
length. 
 
Application of a two-dimensional Johnson-Mehl-Avrami analysis on a cylinder of 
arbitrary radius, r*, and the subsequent integration of this expression from the CNT axis to the 
outer radius of the largest particle (i.e. particles forming at t = 0, r(t,0)) can be used to find the 
extent of the growing particles, and differentiating this term will yield the volume/CNT-
length/time. In this framework, the extended area fraction, Sext, r*, (area/area) can be expressed as, 
 
Sext ,r* = N2πr(t−τ ) 2 GL (t − τ )dτ
0
t
∫ ,     (46) 
where, Ṅ, is the nucleation rate (# cm-2 min-1) and integration is performed over all particle 
nucleation times, τ. A two-dimensional Johnson-Mehl-Avrami analysis, yields the true area 
fraction, Sr*, 
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Sr* = 1− exp −Sext ,r*⎡⎣ ⎤⎦ = 1− exp − N2πr(t−τ ) 2 GL (t − τ )dτ
0
t
∫
⎡
⎣
⎢
⎤
⎦
⎥ .     (47) 
Representative output for the Sext,r* and Sr* terms are shown in Figure 6.12, indicating the 
expected shape for the Johnson-Mehl analysis.  
 
Figure 6.12. Characteristic Johnson-Mehl-Avrami behavior for the extended, Sext,r*, and true, Sr*, 
area fractions of cylinders of radius r*. 
 
Integrating this two dimensional Johnson-Mehl-Avrami term over the radius of all 
particles yields an expression for the extent of the three dimensional macrogrowth of overlapping 
particles as a function of time, 
 
S = 2πr *Sr* dr
rCNT
r(t ,0)
∫ = 1− exp − N2πr(t−τ ) 2 GL (t − τ )dτ
0
t
∫
⎡
⎣
⎢
⎤
⎦
⎥dr
rCNT
r(t ,0)
∫ ,     (48) 
which has units of (volume/area). Physically, this expression represents the volume of a hollow 
cylinder of unit length, bounded by the CNT radius and the outer radius of the largest particles, 
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which is partially filled with the overlapping particle array. A change of variables allows the 
macrogrowth equation to be integrated over time, as opposed to radius, 
 
S = Gr2πr(t ,0) 1− exp − N2πr(t−τ ) 2 GL (s − τ )dτ
0
t
∫
⎡
⎣
⎢
⎤
⎦
⎥
⎛
⎝
⎜
⎞
⎠
⎟ dt
0
t
∫ ,     (49) 
and this term can now be differentiated with respect to time to yield an expression for the current 
transient, 
i = zFρM
⎛
⎝⎜
⎞
⎠⎟
dS
dt
⎛
⎝⎜
⎞
⎠⎟
,     (50) 
which has units of current per CNT-length. Using the geometry of the CNT array (i.e. the 
average CNT radius, rCNT, and specific surface area, aCNT) an expression for the gravimetric 
current density can be derived, 
i = zFρM
⎛
⎝⎜
⎞
⎠⎟
dS
dt
⎛
⎝⎜
⎞
⎠⎟
aCNT
2πrCNT
⎛
⎝⎜
⎞
⎠⎟
.     (51) 
The expression for the gravimetric current density can now be plotted as a function of the 
product of the axial growth rate, ĠL , and the nucleation rate, Ṅ, as shown in Figure 6.13. It 
should be noted that this transient converges on the electronically limiting current density, due to 
electronic conduction through a thickening film of Li2O2 as a function of time, at long discharge 
times, which is expected. Further, the shape of the current transients reproduces the expected 
shape for potentiostatic nucleation and growth curves reported elsewhere in the literature.156 
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Figure 6.13. Schematic representation of the gravimetric current density as a function of the 
product of the nucleation rate, Ṅ, and the axial growth rate, ĠL. 
 
6.4.3 Fit to Experimental Data 
The results obtained in the preceding derivations can now be applied to fitting 
experimental current transients. A first pass check of the validity of the model is to see if the 
predicted limiting current density is in agreement with experiments, i.e. does the limiting current 
density match the magnitude of the observed current at long times. The results of the predicted 
limiting current density are compared to the model output in Figure 6.14, and the limiting 
current is found to indeed roughly match the observed current density, although there is noise in 
the data. 
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Figure 6.14. Experimental potentiostatic current transients collected at a range of voltages. The 
dashed lines indicate the electronically-limiting current density, as calculated using the model, 
for overvoltages of 0.06 V (2.7 VLi), 0.11 V (2.65 VLi), and 0.16 V (2.6 VLi), which roughly 
replicate the magnitude of current observed in experiments.  
 
While the assumption that the radial and axial growth rates are independent seems 
intuitive, since electronic transport should not be limiting for growth in the axial direction, TEM 
micrographs reveal (Figures 6.2 and 6.3) that the particles are roughly spherical in shape, 
suggesting that the magnitude of the axial and radial growth rates are likely of the same order. 
The model can be modified to assume that the axial growth rate is equal to the radial growth rate, 
i.e. ĠL = Ġr, which conveniently allows the experimental current transients to be fit using only 
the nucleation rate, Ṅ. Under this assumption, experimental current transients were fit and are 
summarized in Figure 6.15. The model is capable of roughly replicating the observed peak 
behavior and magnitude of the current density. Further, the extracted nucleation rates were found 
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to be vary exponentially with overvoltage, as summarized in Figure 6.16, and this behavior is 
consistent with theory describing nucleation in electrodeposition processes.155 
 
Figure 6.15. Experimental current transients compared to the output of the model (green lines), 
under the assumption that the radial and axial growth rates are equal, for nucleation rates, Ṅ, of 
2x109 (# cm-2 min-1), 2x1010 (# cm-2 min-1), 8x1010 (# cm-2 min-1), and 5x1012 (# cm-2 min-1) 
corresponding to overvoltages of 0.06 V, 0.11 V, 0.16 V, and 0.36 V respectively. 
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Figure 6.16. Relationship between the extracted nucleation rate and overvoltage for 
experimental potentiostatic current transient experiments. The nucleation rate was found to vary 
exponentially with overvoltage as is expected from theory. 
 
6.4.3 Discussion 
The application of a two dimensional Johnson-Mehl-Avrami analysis was used to model 
the nucleation and growth of three dimensional particles along the axis of the CNTs, which 
allowed the case of particle overlap at long discharge times, and progressive nucleation 
conditions to be considered. In the derivations used for this model, the radial and axial growth 
rates are treated independently, which allows modifications in future iterations of this model to 
allow additional refinement to the form (e.g. time dependence) of the rate. The model can 
reproduce the expected shape for potentiostatic current transients and allows the nucleation rate 
to be used as a fitting parameter to match experiments, where the extracted nucleation rates were 
found to increase exponentially with overvoltage, as expected from theory. The accuracy of the 
model could be further improved by considering particle shapes other than hollow cylinders, and 
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also the possibilities of additional electronic conduction pathways on the particle surface as 
suggested from theoretical investigations of electronic conduction in Li2O2.45,184 Lastly, this 
model will need to be evaluated against additional experimental data in order to further 
investigate its validity. This model could, in principle, be used to investigate the nucleation and 
growth behavior of Li2O2 on ALD coated, or modified (e.g. O2 functionalized or varying defect 
density) CNTs, as discussed in Chapter 7, which could provide insights and routes towards 
controlling the density of particles in the electrode and a means for maximizing the volumetric 
energy density through efficient space filling of the electrode void volume. 
 
6.5 Conclusions 
This Chapter presents two kinetic models describing nucleation and growth on carbon 
nanotubes, under the assumptions of mass transport and electronic transport limitations. The 
overestimate of current in the mass transport model suggests that there are insignificant kinetic 
limitations arising from the diffusion of reactant species (O2 or Li+) in the electrolyte, and that 
the low deposition rates observed in Li-O2 cells are due to low electronic conductivity of the 
depositing phase. The electronic limitation model provides an analytical expression for 
extracting the electronic conductivity of Li2O2 on CNTs for the case of conformal films. This 
extracted value, 8.5 x 10-13 S/m, is likely a lower bound for the conductivity considering the 
current transient that was fit to the model, potentiostatic discharge at 2.0 VLi, has a morphology 
characterized by discrete particles, rather than conformal films (i.e. the lower surface area of 
Li2O2 in this case likely contributes to an underestimate of the true conductivity). Additional 
experiments conducted at larger overvoltages, producing conformal films, will enable more 
accurate measurements of the conductivity using this model. The macrogrowth model for 
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calculating potentiostatic current transients is capable of reproducing the general characteristics 
of the experimental transients, where nucleation rate was found to vary exponentially with 
overvoltage as expected from theory. 
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Chapter 7. Summary and Future Work 
7.1 Thesis Summary 
Li-O2 batteries provide an attractive next generation energy storage technology because 
of their high gravimetric energy density (3200 Wh/kgLi2O2) although they have many challenges 
that currently limit their implementation. In the studies performed and summarized in this thesis, 
carbon nanotube and nanofiber arrays were demonstrated as an advantageous structure for Li-O2 
air electrodes due to their high conductivity, binder-free structure, large void volume, and well-
defined pore structure. Initial experiments using arrays of carbon nanofibers, synthesized via 
chemical vapor deposition on metalized porous anodized aluminum oxide substrates, 
demonstrated gravimetric energy densities that approached ~75% of the theoretical energy 
density for Li2O2 due to low carbon loading. These electrodes could to be cycled 10 times with 
roughly 60% capacity retention, which was on par with the best reports in the literature at the 
time of publication.24 Further, the unique electrode structure (i.e. aligned carbon nanofibers with 
high volume) enabled facile ex situ SEM microscopy studies of the depositing Li2O2 discharge 
product as a function of depth-of-discharge where the discharge product was found to be 
composed of discrete particles that assumed a toroidal shape before coalescing into a monolithic 
mass of Li2O2 at high capacity.24  
Since aligned carbon nanostructured electrodes had been demonstrated as an effective 
electrode morphology, a flexible CVD process was developed to enable the synthesis of 
freestanding carbon nanotube electrodes with arbitrary electrode height (100 µm – 1 mm). This 
process addressed some of the inherent issues with the nanofiber electrodes on porous substrates 
(e.g. short carpet length, large mass of the inactive alumina substrate, etc) and served as a 
platform for conducting additional studies. These electrodes were used to investigate the 
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limitations of the cycling process where ex situ TEM enabled the study of the formation and 
agglomeration of Li2CO3 in the electrode as a function of increasing cycle number. This 
accumulation of Li2CO3 was found to contribute to the increasing overvoltages associated with 
higher charge cycles.22 In addition to the cycling study, microscale Li2O2 particles 
electrochemically formed in CNT electrodes were used in an in situ TEM investigation of the 
electrical conductivity limitations inherent in charging of Li-O2 cells.185 
Ex situ SEM and TEM of Li2O2 discharge product supported on freestanding carbon 
nanotube electrodes was performed to provide insights into the structure and growth mechanism 
of the electrochemically-formed Li2O2 microscale particles first identified in the carbon 
nanofiber electrode study. Using ex situ SEM, it was found that at low rates Li2O2 forms initially 
as discs and that these discs evolve into a characteristic toroid structure as a function of 
increasing particle diameter. This structure forms as a result of the internal plate structure of 
Li2O2 microscale particles with the plates splaying open as a function of disc diameter leading to 
a rim formation in the growing discs. TEM electron diffraction studies led to the conclusion that 
the plates, which compose the larger Li2O2 particles, have a large dominant (001) crystal face 
that is consistent with theoretical calculations of the Li2O2 Wulff shape.135 
A kinetic model was developed which can be used to investigate the nucleation and 
growth process for Li2O2 on electrodes composed of one-dimensional conductors. This model 
reproduces the current transients observed during potentiostatic discharge and allows the 
extraction of nucleation rate values. Further, this model identifies electrical conductivity 
limitations as the dominant barrier to particle growth and yields an expression for the limiting 
current density, which can be used to extract values for the electronic conductivity of 
electrochemically-formed Li2O2 films.  
 165 
 
7.2 Future work 
The work presented in this thesis can serve as a starting point for new studies, which can 
provide additional insights into the nature of Li-O2 discharge product, and also new avenues for 
improved electrode design. The following sections will highlight key issues that may be worth 
pursuing in future investigations. 
7.2.1 Electrode Design Considerations 
Recently, it has been shown that carbon may be unstable in the presence of Li2O2, leading 
to the formation of Li2CO3 at the Li2O2/CNT interface,25 and this instability contributes to 
decreased cycle life in Li-O2 cells.22 While, carbon nanotubes may not be an ideal electrode 
material, the CNT array structure (i.e. the high specific surface area and well-defined pores) may 
serve as an ideal scaffold for deposition of more stable surface layers separating the carbon and 
Li2O2. Conformal coating would be preferred since the carbon surface will need to be fully 
covered in order to prevent reactivity with the electrolyte and depositing Li2O2 discharge 
product. Atomic Layer Deposition (ALD), which involves sequential deposition of self-limiting 
monolayers of material could provide an effective route toward electrode passivation. In terms of 
material selection criteria, the depositing material should be 1) lightweight, since the mass of the 
material will ultimately affect the gravimetric energy density of electrode, 2) non-reactive with 
the electrolyte or discharge product, and 3) electrically conductive. Bruce et al.6 have recently 
demonstrated that nanoporous Au functions as a stable electrode material, so while Au cannot be 
deposited via ALD processes, perhaps a similarly noble or other metal (Pt, Pd, Ag, Ni, Co, etc) 
CNT-core/metal-shell structure would be a good starting point for exploring future composite 
electrode designs.  
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In the longer term, metals are disadvantageous for practical cells because of their high 
densities, which would lower the resulting gravimetric energy density, and also their high costs 
(particularly for precious metals), motivating the exploration of different materials. Metal oxides 
and nitrides may provide a stable surface for ORR and OER during discharge and charge, 
respectively, and are significantly less dense than metals. For instance TiN has a lower density 
(5.22 g/cm3) than Au, although the conductivity is lower (102 S/m vs. 107 S/m).189 Further, some 
metal oxides have already been used as an electrode material in Li-O2 cells, including MnO2 
(although this study used propylene carbonate electrolyte),32 thereby demonstrating some 
nominal stability during ORR and OER. The lower electronic conductivity of oxides, which is 
due to their insulating or semiconducting band structure in bulk, will need to be addressed 
through the use of doping strategies, although conductivity issues will be mediated by the high 
intrinsic conductivity of carbon nanotubes, thereby only requiring conduction through the 
thickness of the thin film coatings. Additional considerations will involve the potential rectifying 
nature of many of the electrical junctions known to form between CNTs and other materials, 
requiring the analysis of relative work functions between the CNT and the ALD coating. The 
options for ALD coatings are numerous190 and a periodic table highlighting known ALD-
deposited materials is shown in Figure 7.1. 
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Figure 7.1. Periodic table highlighting materials for which ALD deposition has been 
demonstrated. (Reproduced from Argonne National Laboratory)190 
 
Maximizing the volumetric energy density for Li-O2 cells is important, as discussed 
previously, and tailoring the electrode void volume to minimize unfilled voids at maximum 
discharge capacity would be helpful. As discussed in Chapter 2, the inter-tube spacing of a CNT 
carpet can be adjusted either through control of the catalyst morphology (size and areal density) 
prior to chemical vapor deposition, or through post-growth carpet compression as has been 
demonstrated by Wardle et al.,63 and utilized for CNT arrays integrated into polymer 
nanocomposites (Appendix A).133 The process developed by Wardle et al. enables the adjustment 
of void volume in CNT carpets from >95% to ~80% void volume. Building on the modeling 
presented in Chapter 6, the void volume for a particular electrode could be tailored to the 
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expected size and distribution of discharge product in order to maximize the volumetric energy 
density for rate and capacity conditions.   
7.2.2 Fundamental Studies  
The nucleation and growth process for Li2O2 requires additional investigation since these 
processes can be influenced by a number of different variables. Nucleation on foreign substrates 
is influenced by the chemistry, and the atomic structure (type of defects, density of atomic steps, 
etc) of the substrates, since these variables will influence the rate of heterogeneous nucleation 
and its overvoltage dependence. If a variety of new materials is investigated as surface coatings 
on CNT electrodes it will be helpful to conduct potentiostatic current transient experiments and 
analysis to understand how the material and structure impacts the nucleation behavior. Further, 
additional morphology studies should be conducted for non-carbon electrodes to see if the 
electrode structure impacts the shape evolution of Li2O2 particles.  
Building on the initial modeling results, it is important to perform additional systematic 
studies of the effects of overvoltage and discharge capacity on the nucleation and growth 
mechanisms in Li-O2. These potentiostatic discharge experiments would need to be accompanied 
by TEM studies to observe and quantify the size, shape, and distribution of Li2O2 particles 
formed upon discharge. Additionally, it would helpful to develop a more sophisticated current 
transient model to increase understanding of processes occurring during potentiostatic discharge. 
This model would need to consider more complicated particle geometries and their positions 
with respect to the CNTs (e.g. particles that are not centered on the CNT axis) and also consider 
the effects of additional current conduction pathways, namely those occurring at surface or grain 
boundaries.45,46 
 
 169 
 
 
 
 
 170 
Appendix A. A Technique for Spatially-Resolved Contact 
Resistance-Free Electrical Conductivity Measurements of Aligned-
Carbon Nanotube/Polymer Nanocomposites 
A.1 Introduction 
Carbon nanotubes (CNTs) are currently being investigated as multifunctional additives in 
polymer composite materials 72,191 because of their exceptional mechanical properties 192, and 
their high electrical and thermal conductivities 193. The high electrical conductivities of CNTs are 
enabled by a quantum mechanical ability to conduct current ballistically with mean free paths up 
to several microns 86 in some instances. Interest in CNT-based multifunctional composite 
materials with reduced weight, increased strength, and high electrical conductivities is primarily 
being driven by the requirements for next-generation aerospace materials 194.  
There have been a variety of reports in the literature of the conductivity of CNT polymer 
nanocomposites (PNCs), but the structures and resulting conductivity values have varied widely 
as reported by Bauhofer et al. 195 Early studies of electrical conduction in PNCs focused 
primarily on composites of randomly oriented CNTs 195,196, which rely on a percolation 
mechanism for conduction 197. When the inter-CNT alignment is improved, the conductivity in 
the direction of the tube axes is increased because of preferential electrical conduction along the 
tube. In directions orthogonal to the tube axes the conductivity increases with CNT volume 
fraction as expected from percolation theory. In the case of long CNTs, which span the width of 
a PNC, the conductance should approach the theoretical value for CNT resistors arranged in 
parallel since percolation is not the dominant conduction mechanism. 
 171 
Reports of the conductivity of aligned CNTs include a variety of fabricated structures and 
techniques for performing measurements, which makes comparisons between studies 
problematic. Using a four-point probe, Zhang et al. 198 measured a conductivity of 500 S/m from 
CNT ribbons embedded in PDMS. Yaglioglu et al. 199 fabricated micropillar composites of 
aligned CNTs and Ag-loaded conductive epoxy; four-point probe measurements indicated 
conductivities of 1 × 104 S/m for the micropillars. Epoxy-infiltrated aligned CNT bundles used 
as electrochemical actuators, which were connected to an external circuit using conductive 
epoxy, exhibited conductivities of 900 S/m 200. Polystyrene/CNT composites for membrane 
applications 201 have been reported to have conductivity values of 3.5 × 103 S/m when contacted 
with Au pads. A number of reports 202,203 describe structures composed of fibers fabricated from 
aligned CNTs, which are embedded in a polymer matrix, having conductivities ranging from 5 × 
103 S/m to 1.3 × 104 S/m when measured using a two-point probe setup. Aligned CNTs 
embedded in polymer 134,204-207 have been shown to exhibit a range of conductivity values largely 
dependent on the CNT volume fraction but also likely dependent on the type of measurement 
performed (particularly surface vs. bulk) and the preparation of the sample prior to measurement. 
Figure A.1 summarizes reports from the literature as well as the results of this study with 
conductivities plotted as a function of CNT volume fraction. 
 172 
 
Figure A.1. Comparison to other reports from the literature of conduction in aligned carbon 
nanotubes; conductivity plotted versus volume fraction CNTs.133 
 
Measurements of conduction in CNTs typically focus on two extreme cases with each 
case having a set of inherent problems. The first case is the measurement of conductivity in 
isolated individual CNTs, which have typically been performed using metal contacts 
geometrically defined by e-beam lithographic techniques 208.  The complicated nature of this 
process leads to very low measurement throughput and poor statistical characterization of the 
average properties of many CNTs. In addition, contact resistances can easily dominate 209 when 
compared with the low resistance of highly conductive CNTs. Moreover, since planar contacts 
only touch the external walls of a multi-walled nanotube (MWCNT), determination of the true 
current carrying capability is further complicated by poor inter-shell coupling between the 
concentric tubes 210. The second measurement case involves measurements of bulk composite 
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materials, which are typically performed using electrical contacts that are millimeter or greater in 
dimension. Measurements conducted at this length scale can obscure physical inhomogeneities in 
the composite material related to differences in CNT volume fraction throughout the composite, 
spatial distribution of CNT properties arising from synthesis processes, or the presence of defects 
such as voids or polymer segregation. Thus, improved techniques that allow a better 
understanding of CNT properties are necessary in order to more thoroughly evaluate composite 
materials. 
This study demonstrates a new approach to determine the local conductivity of 
polymer/CNT composites that also eliminates the influence of contact resistance, which is shown 
here to be of the same order of magnitude as the total measured resistance of the composite 
material. Since the contact resistance is fairly large, it would otherwise introduce significant 
error into extracted values of conductivity. This technique improves the electrical connection to 
the composite by uncapping the tips of the CNTs in order to allow electrical conduction through 
all shells of the multi-walled CNTs (MWCNTs) used in this study. Additionally, this approach 
allows hundreds of measurements to be obtained from small samples, and thus provides a better 
statistical understanding of the average properties of nanotubes in a PNC and the spatial 
distribution of electrical characteristics due to any inhomogeneities in CNT density arising from 
the various steps (CNT synthesis, epoxy infiltration, etc) of the fabrication process. 
A.2 Experimental 
A.2.1 Growth of Aligned-CNTs using Chemical Vapor Deposition 
Vertically-aligned arrays of continuous (top to bottom axially as in Figure A.2) 
MWCNTs were grown to lengths of ~1 mm using a modified thermal chemical vapor deposition 
(CVD) 93 process. Si wafers (150 mm, n-type, test grade, WaferNet, Inc.) were RCA- cleaned, 
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and then a 300 nm Si thermal oxide was grown on the surface. Next, a 10 nm aluminum oxide 
(Al2O3) underlayer and a 1 nm iron (Fe) catalyst layer were sequentially deposited onto the 
silicon wafers by e-beam evaporation without breaking vacuum. The Si wafers were diced into 1 
× 1 cm2 squares and then placed inside a quartz tube furnace (Lindberg, 22 mm inner diameter, 
305 mm heated length). After purging with helium (He, Airgas UHP grade), the substrates were 
annealed at 750°C under 75 sccm of He and 400 sccm of hydrogen (H2, Airgas UHP grade) gas 
to dewet the Fe film into a nanoparticle catalyst array. After annealing, 200 sccm of ethylene 
(C2H4, Airgas 99.5%) gas was introduced into the furnace to grow CNTs for 15 minutes. After 
CNT growth, the C2H4 flow was terminated but H2 gas was left flowing for an additional 5 
minutes. This post-growth anneal has been shown 63 to weaken bonding between CNT forests 
and the silicon substrates so that the CNT carpet can be easily detached from the substrate. The 
CNTs grown for this study have, on average, 4-5 walls with an average outer diameter of 8 nm. 
Raman spectroscopy indicates graphitic MWCNTs with a G/D ratio of 1.24. 
A.2.2 Aligned-CNT Polymer Nanocomposite Fabrication 
The nanocomposite fabrication process used in this study preserves the as-grown CNT 
alignment and the subsequent processing ensures electrical contact of the CNTs. The tall CVD-
grown CNT carpets were mechanically densified to vary the CNT areal density 63. The 
mechanical densification process first requires the CNT carpet to be monolithically removed 
from the substrate, which is enabled by the CVD post-growth anneal, and then compressed 
biaxially in directions orthogonal to the tube axes. By controlling the extent of compression the 
CNT volume fraction, Vf, of the carpet can be tailored, and in this study Vf was chosen to be 
20% (Figure A.2a). After densification the compressed CNT carpet was lowered into a pool of 
uncured RTM-6 (Hexcel Corp.), an aerospace grade epoxy, using a mechanical stage as reported 
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previously 204. When contacted to the epoxy, the epoxy wicks into the compressed carpet via 
capillary action and is then cured to form the PNC (Figure A.2b). The CNTs used in this study 
are aligned-parallel to each other with appreciable waviness as reported in similar studies.204 
A.2.3 Surface Preparation and Metallization 
A sequential polishing process was developed to remove the caps at the end of the CNTs 
to expose, in principle, the inner conducting shells, and to ensure a smooth particle-free surface 
onto which metal pads were deposited.  The polishing process involved first attaching the 
composite to a custom-designed polishing fixture using mounting adhesive (Crystalbond 509) 
and then mechanically polishing the composite, removing material in the direction parallel to the 
aligned tube axes, using a progression of 15 µm particle size silicon carbide (SiC) polishing 
paper, a 5 µm aluminum oxide (Al2O3) polishing slurry, and a 60 nm silicon oxide (SiO2) 
polishing slurry.  Final polishing using the SiO2 slurry, a critical step for obtaining a smooth 
particle-free surface and low resistance contacts, was accomplished using an automated vibratory 
polishing system (Buehler Vibromet 2) operated at 60% power for 2 hours to achieve the ~2 nm 
surface roughness reported in this study.  All other polishing steps were performed manually 
using a standard rotating polishing wheel.  Immediately following the SiO2 polishing step, the 
sample was cleaned using the vibratory polisher using only deionized H2O to help ensure the 
removal of embedded particles left on the surface during the final polishing. Atomic force 
microscopy (AFM) was used to monitor the surface roughness prior to metallization and both 
sample surfaces (top and bottom) were found to have an average surface roughness of 2.26 ± 0.5 
nm (Figure A.2c). This observed surface roughness is within expectations given the polishing 
parameters, composite properties, and the size of the SiO2 polishing media. 211,212 
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After polishing, a metallization step was performed on the polished composite to form Pt 
metal contacts to the aligned CNTs. Pt was chosen as the electrode material in this study because 
of it has been theoretically 213 and experimentally 214 shown to form ohmic contacts to CNTs. 
Furthermore, the noble-character of Pt reduces the possibility of oxidation and its relatively high 
melting point reduces the likelihood of compound formation at the metal/CNT interface. An 
array of 200 nm-thick Pt pads was sputter-deposited on one side of the sample, using a copper 
TEM grid with 100 µm × 100 µm openings (PELCO) as a hard mask as illustrated in Figure 
A.2d and Figure A.2e. A separate sample was prepared using a TEM grid with 40 µm × 40 µm 
openings to study the effects of isotropic (spreading) current flow.  Prior to the planarization and 
contact pad deposition, the opposite side of the composite was polished, using the previously 
described procedure, and a continuous Pt ground plane was deposited on the surface of the PNC.  
The pad array structure allows many individual electrical measurements to be collected from a 
single composite sample. A TEM cross-section was prepared at the Pt pad/composite interface, 
which was found to be well adhered and free of inclusions or other defects (Figure A.2f). 
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Figure A.2. Sample fabrication process: a) Removal of monolithic nanotube carpet from growth 
substrate followed by mechanical densification; b) Composite infiltrated with RTM-6 epoxy via 
capillary induced wetting; c) AFM micrograph of the composite surface after mechanical 
planarization to ~ 2 nm surface roughness; d) Sputter deposition of metal pad array and a 
continuous ground plane; e) Optical micrograph (top-view) of the metal pad array; f) Cross 
section TEM micrograph of Pt/PNC interface; Inset: SEM micrograph of Pt/PNC interface with 
the same orientation as the TEM image.  CNTs are shown collimated but are wavy as reported 
and quantified elsewhere.133 
 
 178 
A.2.4 Electrical Measurements 
Electrical contact was established between a copper plate and the continuous ground 
plane on the bottom of the sample using colloidal Ag paint (PELCO #16031). Two-point 
electrical resistance measurements between the individual pads and the copper plate were 
collected using a standard probe station using tungsten (W) tipped needle probes with 5 µm tip 
diameters connected to a multimeter.  A resistance value was measured for each pad (> 100 pads 
per sample height) on the composite sample.  Due to a line-of-sight shadowing effect arising 
from the use of the TEM grid hard-mask and the sputter deposition process used to define the 
metal pads, the composite surface had a narrow distribution of pad widths (average width is 106 
µm ± 2 µm). Optical microscopy was performed to measure the area of each contacted pad and 
this area was used to normalize the measured resistance values. After electrical measurements 
and optical microscopy, the PNC sample was mechanically thinned using the previously outlined 
polishing procedure for further electrical measurements at different composite thicknesses. In 
this study, electrical resistance measurements were collected at three separate composite 
thicknesses and only in the axial (CNT axis) direction. 
A.3 Results and Discussion 
Taking into consideration the contact resistance between the metallization and the CNTs, 
the measured resistance at each pad can be modeled using the following relationship: 
 
where Rmeasured  is the measured resistance, Ameasured is the measured area of an individual pad, 
Rcontact, is the resistance contribution from the contact resistance, h is the composite height, and 
ρcomposite is the CNT/polymer composite resistivity.  The plot in Figure A.3 represents the 
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measured area-normalized resistance values plotted as a function of composite height, h.  Since 
the resistance of long MWCNTs (>100-um) is directly proportional to length 89, the length 
dependent resistance data collected in this study can be fit using a simple linear regression 
technique.  The resulting linear approximation can be represented as: 
 
where (R⋅A)0 represents the area-normalized contact resistance of the sample, and 
(Rmeasured⋅Ameasured) represents the measured data points calculated from the product of the 
measured resistance and measured pad area. It is assumed that the contact resistance is not a 
function of length, therefore the value of (R⋅A)0 can be used to remove the contribution of the 
contact resistance to the measurement and therefore allow the calculation of a resistivity value 
for a region on the composite, which is free from measurement influence. After contact 
resistance removal, the local conductivity was calculated at each pad on the composite using the 
contact resistance extraction technique and the resulting histogram of conductivity values 
collected across all three composite sample heights is plotted in Figure A.4. The distribution is 
peaked around the average conductivity, 2.2 × 104 ± 0.7 × 104 S/m. The distribution in 
conductivity values can be influenced in part by inhomogeneities in the composite structure 
(aggregates, reinforcement-poor regions, voids, etc.) and also variations in CNT properties (e.g. 
diameter, number of walls, defect density). Epoxy rich regions arise from capillary forces, which 
can cause some regions of the CNT carpet to clump together during the fabrication process, an 
effect that has been noted by others 97; the most extreme effects of this clumping behavior were 
avoided by using 20% Vf CNT carpets 134, and epoxy-rich voids were found to be in contact with 
only 6 % of the pads measured in this study. An image of a typical void and its size and position 
relative to the Pt pads is shown in the inset of Figure A.4. In addition to property variations due 
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to the composite microstructure, the nature of the CVD growth process can result in 
inhomogeneities in the carpet properties (e.g. areal density, CNT diameter) as a function of 
height and Bedwey et al. have systematically shown that the top and bottom of the carpet show 
the most variation in physical properties.215 In this study the effects of thickness-dependent 
property variations were minimized by removing >200 µm of material from the top and bottom 
of the (as-infiltrated) composite prior to the deposition of electrical contacts. However, future 
studies could directly investigate the extent of thickness-dependent property variations in thicker 
composites with the improved spatial resolution of this electrical measurement technique. 
 
Figure A.3. Area normalized resistances, (Rmeasured⋅Ameasured), plotted as a function of composite 
thickness; trendline indicates the least squares fit to the data.133 
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Figure A.4. Histogram of the distribution of conductivity measurements across all composite 
heights after the extraction of the contact resistance. (n = 399); Inset: Optical micrograph of the 
composite surface after planarization and after metal pad deposition (image plane is orthogonal 
to the CNT axes) showing a typical epoxy-rich inhomogeneity (lighter contrast stripe intersecting 
the Pt pads), which formed during the epoxy infiltration process.133 
 
Measured electrical conductivity of the aligned CNT composites is comparable to some 
of the best reports of polymer/CNT composites with similar CNT volume fractions. We 
summarize our results and their comparison to other reports in Figure A.1. For completeness, if 
the contact resistance is included in the conductivity calculations, an average conductivity of 9.0 
× 103 ± 3.3 × 103 S/m is determined, which also is an improvement over previously reported 
values, many of which do not take into consideration the contribution of contact resistance in the 
calculation of conductivity. In addition to the improved electrical testing methodology, we also 
attribute the measured conductivity of these PNCs an improved surface preparation, which 
ensures a uniform CNT length across the thickness of the PNC and also exposure of the ends of 
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the tubes allowing low resistance electrical contact to the CNTs. Panzer et al. 216,217 have 
suggested that poor engagement between CNTs and metallization, due to non-uniform CNT 
lengths in aligned CNT films coupled with inadequate nanoscale CNT-metal contacts, 
contributes to poor thermal conduction in aligned CNT films. An analogous effect for electrical 
conduction likely influences the lower conductivity measurements reported in other studies, 
which do not involve adequate planarization and electrical conduction in CNTs as was obtained 
in this study.  
Extraction of single-CNT resistances from a parallel measurement of many CNTs is 
challenging because such a measurement, in principle, requires knowledge of the number of 
CNTs electrically contacted during the measurement. In this study, the precise number of CNTs 
electrically contacted under each pad is not known. However, we can estimate the number of 
CNTs contacted using the approximate as-grown areal density 93 of the CNT carpets used for 
nanocomposite fabrication and then calculate the single-CNT resistance by assuming the CNT 
array can be modeled as identical parallel resistors: 
 
where Rpad is the single-pad resistance, RCNT is the single-CNT resistance, and N is the number of 
CNTs under the pad, which equals the product of the pad area and the areal density. With an 
areal density of 3.8 × 1011 CNTs/cm2, which is expected for our mechanically densified (to 20% 
volume fraction) carpets, we calculate single CNT electrical resistances of 8.8 × 107 Ω, 3.9 × 107 
Ω, and 2.6 × 107 Ω at 437 µm, 196 µm, and 126 µm respectively.  These calculated resistances 
are higher than expected based on theoretical models 89, which assume a mean free path on the 
order of ~1 µm, but they are consistent with other calculated single-CNT resistances for CVD 
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grown CNTs 199. Single-CNT resistances obtained in this study suggest a mean free path of ~20 
nm, which is greater than the mean free paths calculated for CNTs in aligned PNCs reported 
elsewhere 201,204, which are on the order of 1 nm or below, although the higher calculated CNT 
resistance in these studies could also be attributed to overestimating the true number of CNTs 
engaged and contributing to conduction. 
A key concern in the use of this pad-based technique is the extent to which in-plane 
conduction, orthogonal to the nanotube axis, introduces error into the calculated conductivity 
values, i.e, current can spread from the contact pad to the ground plane thereby increasing the 
area of conduction. Although the resistance between adjacent tubes has been shown to be large 
(> 200 k Ω, 218) relative to the resistance of the CNTs, and the CNTs sidewalls are coated with 
non-conductive epoxy, it is still important to understand the contribution of inter-tube conduction 
in these measurements. We consider two extreme scenarios for electrical conduction, as 
illustrated in Figure A.5. Scenario (i) involves significant in-plane conduction (current 
spreading) and scenario (ii) involves conduction only under the pad under test. Thus far we have 
assumed that scenario ii) is applicable in this work. 
 184 
 
Figure A.5 Composite cross section schematic illustrating two scenarios for current flow, 
indicated with arrows: i) the calculated equivalent resistance is less than the measured shorted 
resistance, Rshorted, due to significant isotropic (spreading) current flow; ii) the calculated 
equivalent resistance is equal to Rshorted due to anisotropic (axial) current flow due to preferential 
conduction along the aligned CNTs.133 
 
To investigate the extent of any current spreading, we individually measured the 
resistance of adjacent pads, and then externally shorted together these same pads and compared 
the shorted resistance, Rshorted, to the calculated parallel resistance, which is based on the 
individual pad resistances. The percentage difference between calculated and measured 
resistance values from a sample with 100 µm × 100 µm metal pads was around 1%, thus 
indicating that our composites are exhibiting scenario (ii)-type behavior, validating our 
assumption regarding conduction confined under the pad under test.  However, on a separate 
sample with 40 µm × 40 µm pads, the percentage difference was measured to be as high as 
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~25%. This increased error for smaller pads can be explained by the larger perimeter/area ratio 
that exists for smaller pads. In the large metal pads used for the calculation of composite 
conductivity the contribution from isotropic (spreading) current flow is negligible. 
A.4 Conclusions 
As discussed, we have demonstrated a new technique for the determination of the local 
conductivity of a polymer/carbon nanotube composite. This approach enables the collection of 
hundreds of local conductivity measurements with resolution of ~100 µm, which addresses some 
of the limitations of approaches for collecting both bulk measurements and measurements of 
individual CNTs. Further, the quantification of the contact resistance as a result of varying the 
composite height allows determination of the conductivity of the composite alone. The average 
conductivity of the aligned carbon nanotube/polymer composite investigated in this study, 2.2 × 
104 S/m, is comparable to some of the best reports in the literature for composites incorporating 
aligned CNTs of similar volume fraction attributable to improved electrical contact between the 
CNTs and the metallization. Similarly, the calculated mean free path, 20 nm, for CNTs used in 
this study is greater than values calculated from the resistances of similar structures reported in 
the literature. Additionally, estimates of single-CNT resistances derived from the composite 
measurements, while lower than expected for pristine CNTs arranged in parallel, are similar to 
extrapolated values for CVD grown CNTs in composites reported elsewhere. Lastly, we 
validated this technique by conducting measurements to determine the degree of isotropic 
conduction to ensure it does not influence the measured values. 
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Appendix B. Capacitive Deionization using Aligned Carbon 
Nanotube Electrodes 
B.1 Background 
Demand for clean water is predicted to increase significantly in the future in order to 
satisfy the needs of a growing world population and greater requirements from industry.219 
Despite the tremendous volume of water available globally (1.4 billion cubic kilometers, only 
0.5% is accessible fresh water.220 In this context, desalination becomes an increasingly attractive 
option for producing fresh water. Desalination has traditionally been performed using either 
thermal distillation or reverse osmosis technologies. However, both of these technologies are 
incredibly energy intensive requiring 23.9-96 kWh and 3.6-5.7 kWh, respectively, to produce 
one cubic meter of clean water.221 Further these technologies require extensive maintenance to 
maintain proper operation. 
Capacitive deionization (CDI) has gained interest in recent years due to its potential to 
offer a low-energy process for performing desalination.222 CDI is a process by which ions in an 
aqueous solution are extracted via a trapping mechanism occurring at the electrochemical double 
layer forming at an electrode during polarization, in a mechanism similar to that of the operation 
of a supercapacitor. The amount of ions that are removed from solution is proportional to the 
surface area of the electrode and as such electrode materials with large specific surface areas are 
advantageous. Capacitive deionization is an attractive process for performing desalination 
because of its much lower energy requirements compared to reverse osmosis and thermal 
distillation. A schematic describing the CDI process is shown in Figure B.1. As salt water enters 
a CDI cell containing two high specific surface area electrodes, the electrode is polarized and 
anions and cations are trapped at the positive and negative electrodes, respectively. Once the 
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electrodes are saturated with absorbed ions, the potential is removed and the cell is purged with 
water to remove the ions to a waste stream. The process can be repeated many times with, in 
principle, no damage to the electrode surface.  
 
Figure B.1. Schematic of the CDI process. (a) Feed water in CDI cell before voltage is applied. 
(b) Voltage is applied and ions begin to migrate according to the applied potential. (c) Electrodes 
become saturated with ions and desalinated stream is purged from the CDI cell. (d) After fresh 
feed water enters the cell, the applied voltage is partially reversed so that ions desorb from the 
electrodes resulting in brine that is discharged, and the next cycle begins.223 
 
Nanostructured materials are being investigated as active materials in a variety of 
desalination techniques.224 Due to their high surface-to-volume ratio, carbon nanotubes could 
provide an ideal electrode material for CDI cells. Further, carbon nanotube arrays could be used 
as a model electrode system (i.e. a well-defined geometry) for studying fundamental processes 
occurring during adsorption and desorption of ions at the electrode surface as a function of 
solution concentration and applied potential.  
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Most processes for growing tall CNT carpets involve the use of catalysts supported on 
electrically insulating substrates. Since an electrical bias is required for performing CDI, we have 
developed a process for transferring tall CNT carpets, grown on insulating substrates, to arbitrary 
metal substrates using a diffusion bond process. This process enables the use of CNT carpets for 
a variety of electrochemical processes including CDI.  
B.2 Fabrication of Carbon Nanotube Arrays 
Carbon nanotube carpets were grown by chemical vapor deposition (CVD).93 Silicon 
growth substrates were prepared by sequentially depositing a 20 nm thick Al2O3 diffusion barrier 
and a 5 nm thick Fe catalyst layer using electron-beam deposition. Growth was performed in a 
2.54 cm quartz furnace tube. Following a 15 min purge in a H2/He atmosphere, the growth 
substrate was annealed by ramping the furnace temperature to 750 °C followed by a 3 minute 
anneal at temperature, while maintaining a flow of H2 and He at 400 sccm and 100 sccm, 
respectively. CNT growth was then initiated by flowing C2H4 at 200 sccm. Distinct CNT carpet 
heights were obtained by adjusting the duration of the CVD growth step. A TEM image of a 
representative CNT used in this study is shown in Figure B.6a along with the distribution of 
CNT walls (Figure B.6b) and tube diameters (Figure B.6c) obtained from TEM imaging. 
B.3 Diffusion Bonding of CNT Arrays 
Carbon nanotube arrays are generally grown on electrically insulating substrates, thus 
requiring electrical connections to be made to the arrays before they can be used as an electrode 
in an electrochemical cell. Diffusion bonding is a process by which a bond is formed between 
two metals placed together and then thermally annealed, which facilitates the interdiffusion of 
the two adjoining metal layers.225 This idea was extended to the problem of electrical 
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connections to aligned CNT arrays and various metal layers were explored as potential diffusion 
bond materials. A schematic of the diffusion bond process is shown in Figure B.2.  
 
Figure B.2. Generic schematic flow of the diffusion bond process for forming aligned CNT 
electrodes. Once grown, the CNT array is metalized using a physical vapor deposition technique. 
Following metallization, the array is brought into contact with a metal substrate and annealed to 
form a bond between the two layers. Once bonded the growth substrate can be removed. 
  
Metallization to the CNT array was found to be difficult since few metals are known to 
wet the CNT surface well.226 Further, processing parameters were also found to impact the 
morphology of the depositing films. Figure B.3 shows an example of poor metallization of 
CNTs and the resulting effect on the diffusion bond. Poor wetting manifests itself as columnar 
grains growing away from the CNT carpet and during the diffusion bond anneal the columnar 
metal grains form a continuous thin film that delaminates from the CNT carpet (Figure B.3b) 
leaving only small particles on the tops of the CNTs (Figure B.3c). Electron beam evaporated 
Au (200 nm) deposited after a thin (10 nm) Ti adhesion layer (EML e-beam), was found to 
adhere well to the CNTs, forming a conformal coating as shown in Figure B.4. Following Au 
deposition, the CNT substrate was cleaved into 1 x 1 cm squares for assembly into a CDI 
electrode using the diffusion bonding process. 
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Figure B.3. (a) Cu deposited on CNT carpets using sputter deposition (the EML of MTL) 
resulting in poor wetting of the CNTs and a resulting columnar grain structure. (b) Delaminated 
Cu film adhered to a metal substrate after diffusion bonding. (c) Top of the CNT carpet after Cu 
film delamination during diffusion bonding. 
 
 
Figure B.4. SEM images of e-beam deposited Au on an aligned CNT carpet showing conformal 
coating of the Au on the CNT surface, (a) Top-view (b) Cross section view. 
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Once Au was selected as a suitable metallization material for the CNT array, Titanium 
(Ti) was chosen as the current collector due to its electrochemical stability in the voltage range 
required for CDI, and also its ability to form a strong bond to a variety of materials. A 0.8 mm 
thick Ti sheet was cut into 3 x 2 cm tabs and a 10 nm Ti adhesion layer and a 200 nm layer of Au 
was deposited onto one side using the same deposition process used for metallization of the CNT 
array. A compression jig, machined from titanium plates, was fabricated to uniformly applying 
pressure between the CNT carpet and the Ti current collector. The jig was assembled with Ti 
bolts using a torque wrench (typically 120 N·cm) to provide a consistent contact pressure. The 
assembled jig is shown schematically in Figure B.5a. 
 
Figure B.5. Diffusion bonding process employed for fabrication of CNT CDI electrodes. (a) 
Fabrication process flow and assembly into a pressure jig. (b) Thermal profile used to bond the 
CNT array to a Au-coated Ti current collector.223 
 
The diffusion bonding was performed in a 3-inch tube furnace under a reducing 
atmosphere (H2-10%, N2-balance, Airgas). The temperature profile (Figure B.5b) for the 
bonding step was optimized by calculating the thermal dose administered to the Au films as 
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defined as the diffusion coefficient multiplied by the time at temperature.227 The self-diffusion 
coefficient of Au and thermal dose were calculated, respectively, using the expressions228 
D = Aexp −QRT
⎡
⎣⎢
⎤
⎦⎥
, 
and 
x2 = D(t)dt
T0
Td
∫ + D(t)Δt + D(t)dt
Td
Tf
∫ , 
where D is the self-diffusion coefficient (cm2 /s) for Au, A is the frequency factor (grain 
boundary, 0.0062 cm2/s for Au), Q is activation energy (20.2 kJ/mol for Au self-diffusion),228 R 
is Boltzmann’s constant (0.00831 kJ/( K·mol)), T is temperature (K) and t is the time in seconds. 
Bonding was performed at a dwell temperature of 540°C with ramp up/down rates of 8°C/min. 
Upon removal of the jig from the furnace and disassembling, the silicon growth substrate was 
easily removed from the bonded monolithic CNT carpet by inserting a razor blade between the 
CNT substrate and the Ti substrate to delaminate the Si substrate from the CNT carpet. A 
photograph of a transferred CNT carpet is shown in Figure B.6d. 
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Figure B.6. (a) Transmission electron micrograph of a typical multiwall CNT produced via CVD 
comprised of 3 walls. Scale bar: 5 nm. (b) Cumulative distribution of MWCNT wall number. (c) 
Cumulative distribution of the CNT inner (red circles) and outer (blue squares) diameters. (d) 
Transferred CNT electrode fabricated with the 1 x 1 cm2 CNT carpet sits at the center of the 3 x 
2 cm2 Ti current collector.223 
 
B.4 Electrochemical Testing 
A typical set of CV curves obtained for the fabricated electrodes is shown in Figure B.7. 
All of the fabricated electrodes were found to be similar in that they did not demonstrate redox 
peaks, which is consistent with the pristine (unoxidized) nature of the CNT and the non-faradaic 
behavior of Au and passivated Ti in the investigated potential range. The fast charging behavior 
was consistent with good electrical connection between the CNT carpets and the current 
collector.  
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Figure B.7. CV curves for a CNT electrode with h = 21 µm for (a) 20 mM, (b) 50 mM, (c) 70 
mM and (d) 90 mM NaCl solution. The solid and dashed curves represent averaged CV behavior 
before and after potentiostatic testing, respectively. Scan rate: 30 mV/s.223 
 
Potentiostatic measurements (Figure B.8) above the OCV (Cl ̄ adsorption) demonstrated 
the expected behavior of linearly increasing capacitance with increasing carpet height. Due to the 
small size of the samples prepared we were unable to obtain a BET surface area. However, 
assuming a specific capacitance dominated by the Stern layer (C* ≈ 10 - 20 µF/cm2)229 and 
exohedral adsorption with C ≈ 1.5 mF/cm2, h = 29 µm, d = 7.7 nm, we estimate the solid fraction 
of the CNT array as 𝜑 = 𝑑⁄4h (C/C* − 1) ≈ 0.005 − 0.01 in agreement with the observed number 
density of CNT characterized using SEM (~1010 cm-2). Overall, the capacitive behavior of the 
fabricated electrodes was consistent with the notable exception of the tallest carpet height (h = 29 
µm), which demonstrated non-monotonic and anomalously large capacitances with increasing 
concentrations when integrating over the entire scan period due to an anomalous current during 
later stages of the scan (Figure B.8e). By restricting the integration period to the asymptotic 
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region of the initial charging period, we obtained capacitance values plotted in Figure B.8a-d for 
h = 29 µm. The specific cause for this behavior is under continued investigation. 
 
 
Figure B.8. Potentiostatically-measured capacitance normalized by electrode plan area, Ap, for 
(a) 𝜂o = 20 mM, (b) 𝜂o = 50 mM, (c) 𝜂o = 70 mM and (d) 𝜂o = 90 mM with step potentials of (red 
circles) 100 mV, (green triangles) 200 mV and (blue squares) 300 mV above the OCV. (e) 
Potentiostatic charging curves (h = 29 µm) at a step potential of 300 mV for (inverted black 
triangles) 𝜂o = 20 mM, (green triangles) 𝜂o = 50 mM, (blue squares) 𝜂o = 70 mM and (red circles) 
𝜂o = 90 mM.223 
B.5 Conclusions 
Aligned CNT carpets with uniform size distributions were grown using thermal CVD and 
a diffusion bonding process was successfully used to transfer the CNT carpets from the growth 
substrate to a titanium current collector. By tuning the thermal dose during the diffusion bonding 
process, mechanically robust attachment was obtained between the CNT carpet and the transfer 
 196 
substrate. Cyclic voltammetry scans demonstrated the electrical integrity of the bonding process 
and showed almost ideal capacitive behavior with an absence of faradaic side-reactions in the 
investigated potential window. Potentiostatic measurements demonstrated behavior consistent 
with typical specific capacitances at the lower concentrations tested. However, at higher salt 
concentrations, non-monotonic deviations and anomalous currents at the late stage of charging 
were observed. Future research efforts will aim to further characterize CNT carpet electrodes 
fabricated using the diffusion bonding process to understand the observed electrochemical 
behavior and fully characterize dynamic response behavior during charging and discharging.  
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Appendix C. Dual-Zone Thermal CVD 
C.1 Dual-Zone Thermal CVD 
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Standard Dual-Zone CVD SOP for growth of millimeter-tall CNTs (with preheater) 
 
System Setup 
 
This CVD system was designed to grow tall carpets of carbon nanotubes (up to several 
millimeters). The system has two separate furnaces to independently control gas phase 
decomposition of the carbon precursor and also the temperature of CNT growth. Two separate 
gas circuits allow for independent gas flows to be delivered to the preheater or growth zone. 
Each gas circuit has an on/off valve for preventing air from entering the gas lines when the 
system is not being used. These valves should always be closed when the system is not in use, 
and an overpressure of He gas should be left in the system to prevent air from entering the 
system. Additionally, each mass flow controller (MFC) has a separate on/off valve for each 
independent gas circuit. The MFC on/off valves should be used simultaneously with the MFC 
on/off switches. 
 
Safety 
 
This system presents a potential explosion risk because of the large volume of H2 and C2H4 
that is involved in the CNT growth process. Always be sure that the gas lines and process tube 
have been adequately purged with He, removing O2, before introducing either explosive gas into 
the system. There are no safety interlocks to automatically prevent exposure of H2/C2H4 to 
O2, so always be aware of the state of the system. Always ensure that the tube end caps are 
securely in place and that the exhaust line is operational before proceeding with the growth. 
 
Sample Preparation 
 
Standard samples (catalyst on silicon wafers) can be prepared simply by scribing the wafer into 
small pieces (~1 x 1 cm) and then using the N2 gun to blow off any loose particles. Be sure to 
wear gloves and handle the silicon substrates with tweezers avoiding contact with your gloved 
hand as this will leave a residue on the substrate surface. 
 
Tube Preparation 
 
1. Open both furnaces and place a long (54”) tube in the groove in the refractory brick. 
2. Cleaning only: Securely cap both ends of the tube leaving the gas supply off and the tube 
filled with air. Turn on the end-cap cooling fans and them ramp both furnaces to greater 
than ~775C. An anneal in air for ~30 minutes should remove any amorphous carbon from 
the sidewalls of the tube. The tube can be flushed with He using the gas supply to remove 
any residual air and smoke from the tube after annealing. 
3. Turn on the He flow (75 sccm is sufficient) to continuously purge air from the tube. 
4. Remove the right end cap and load samples in the growth furnace using tweezers and the 
loading arm. The substrate position will have some effect on the growth of CNTs and 
adhesion to the growth substrate so be sure to note the substrate positions. 
5. Securely cap the tube. 
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Growth 
 
1. Log the process variables in the log sheet. 
2. Set/verify the MFC controller so that appropriate gas flows will flow during the run. 
Set/verify the furnace temperatures. 
3. Purge the tube for ~10 minutes after loading samples to completely remove O2 from the 
process tube. 
4. Turn on H2 gas (first the on/off valve (H2 Preheat), and then the MFC controller) 
5. Close the preheater furnace and ramp to temperature (~850C). Begin the purge with 
He/H2 for >15 minutes. 
6. After purging, close the growth zone furnace and begin ramping to temperature (~720C), 
while starting a stopwatch to record the ramp time, which should be around (9:30min). 
7. When the growth zone reaches temperature, start a countdown clock for the annealing 
step (~5min). 
8. Upon completion of the growth step, turn on the C2H4 supply and valve and start the 
growth timer. 
9. For improved delamination: After growth, turn off the C2H4 and anneal the sample in 
He/H2 for 10 minutes. 
10. After growth/post-anneal steps, turn off the C2H4 supply and open the furnace and start 
the fan to rapidly cool the sample. 
11. After ~3min, turn off the H2 supply 
12. Purge the furnace with He for >10min to remove residual H2 from the system.  
13. Open the furnace and unload samples using tweezers and the loading arm. 
14. Log the ramp time and any abnormalities occurring during the growth in the 
process log. 
15. If performing another run, load samples cap the tube and begin with step 3 above. 
 
Shutting Down 
 
1. After completing your run(s) ensure that both furnaces are open, off, and cooling to room 
temperature 
2. With all gases off turn on the He gas (~75 sccm). 
3. Close the gas outlet on/off valve for the preheater circuit and wait until the MFC 
controller flow rate reads ~ 0 sccm. 
4. Close the He supply on/off valve and turn off the MFC, leaving an overpressure of He in 
the gas lines. 
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Appendix D. Specific Current Density Calculations 
Specific Current Density Estimates: TEM observations of CNTs discharged at low rates (10 
mA/gC) indicate that they are bare except where large discrete particles grow as the discharge 
capacity increases.  The number of these large particles does not change with time.  This 
suggests rapid nucleation of Li2O2 at a fixed number of sites in the early stages of discharge, 
followed by layer-by-layer growth of faceted Li2O2 crystals. If we approximate the complex 
shape of the Li2O2 microscale particles as a disc with an aspect ratio that increases with 
increasing disc radius we can estimate that the current densities on the top/bottom, A1, and 
circumferential faces, A2 (Figure D.1). 
 
 
Figure D.1. Disc Model used for estimation of specific current density for growth of Li2O2 on 
Li2O2 at low gravimetric current rates (mA/gC). 
The following is a definition of terms used in this model: 
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An approximation of the number of particles in a given electrode can be obtained using the 
average particle volume, Vdisc, calculated from average values of h and r obtained from SEM 
images: 
 
.     (1) 
 
As evident from the shape evolution of disc/toroid particles, the currents directed to the 
top/bottom (i1) and circumferential (i2) faces have to be different in magnitude. With this in 
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mind, an expression relating the currents i1 and i2 to the total current directed to a single particle 
can be written: 
 
jCNT
N = i1 + i2 = VDisc jCNT
zF
Q
⎛
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The crystal growth velocity in the direction of h or r can be written as a function of the current: 
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The relationship between the current densities and the rate of change of the disc height with 
respect to the radius can be expressed as: 
 
.    (4) 
 
Combining equations (2) and (3) yields expressions for the specific current densities to the 
top/bottom and circumferential faces of an evolving disc particle: 
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and 
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Calculation of j1 and j2 requires knowledge of dh/dr, which can be found by fitting a curve to the 
experimental data for r vs. h obtained from SEM imaging or electrodes discharge at low rates 
(Figure D.2). 
 
Figure D.2. Particle height vs. particle radius data from SEM measurements for electrodes 
discharged at low rates (10 mA/gC) to various capacities. The red line indicates an exponential 
fit to the data, h(r) = Aexp(Br), where A = 17.3 nm and B = 0.0087 nm-1. 
The height vs. radius data is well fit by an exponential function, as shown in Figure S9, which 
allows determination of the derivative of h with respect to r: 
 
h(r) = Aexp(Br)→ dh(r)dr = ABexp(Br) .     (7) 
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Using expressions (5) and (6) and the calculated value of dh(r)/dr, the average value for the 
specific current on the circumferential face is 0.16 +/- 0.13 µA/cm2Li2O2. Current densities as a 
function of particle size are shown in Figure D.3. 
 
 
Figure D.2. Particle height vs. particle radius data from SEM measurements for electrodes 
discharged at low rates (10 mA/gC) to various capacities. The red line indicates an exponential 
fit to the data, h(r) = Aexp(Br), where A = 17.3 nm and B = 0.0087 nm-1. 
The height vs. radius data is well fit by an exponential function, as shown in Figure S9, which 
allows determination of the derivative of h with respect to r: 
 
h(r) = Aexp(Br)→ dh(r)dr = ABexp(Br) .     (7) 
 
Using expressions (5) and (6) and the calculated value of dh(r)/dr, the average value for the 
specific current on the circumferential face is 0.16 +/- 0.13 µA/cm2Li2O2. Current densities as a 
function of particle size are shown in Figure D.3. 
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Figure D.3. (left) Current densities on Li2O2 surfaces for samples discharged at low rates (10 
mA/gC). (right) Ratio of current densities on the A2 and A1 surfaces as a function of the particle 
size. 
 
 
 206 
Appendix E. Nucleation and Growth Modeling - Mathematica Code 
E.1 Mass Transport Limitation Model 
 
 
H* Model for the Case of Progressive Nucleation*L
Clear@a, t, u, DiffCoeff, M, rho, Int1, dcdr, Ld, Avrami, NucDensD;H*Constants*L
rCNT = 4*10^-7; H*CNT Radius, cm*L
DiffCoeff = 4*10^-5; H* Either Li H1*10^-5L or O2 H4*10-5L cm^2ês,
values from rate capability paper, EES 2011 *L
C0 = .00876ê1000; H*Initial Concentration, Molesêcm^3, O2,
value from rate capability paper, EES 2011 *L
M = 45.881; H*Molar Mass, Li2O2, gêmol*L
rho = 2.31; H*Density, Li2O2, gêcm3*L
z = 2; H*electronsêmolecule, Li2O2, *L
F = 26.801*60*60; H*Faraday's Constant, A*sêmol*L
aCNT = 500 *10^4; H*specific surface area of CNTs, cm^2êg*L
phi@t_D := DiffCoeff*têrCNT^2;
dcdr@t_D := C0*2êrCNT êLog@4*phi@tDD;H* Approximation for large phi from Delahay *L
LdIntegral@t_D = 2
9
t3ê2 -2 + Log@64D + 3 LogBDiffCoeff t
rCNT2
F ;
LdSum@t_D := Sqrt@2*DiffCoeff*C0*M êrhoD*LdIntegral@tD;
Avrami@t_, ANProduct_D := 1 - Exp@-ANProduct*LdSum@tDD;H*Calculate Gravimetric Current Density*L
jCNT@t_, ANProduct_D := z*F*DiffCoeff*aCNT *dcdr@tD*Avrami@t, ANProductD;
Plot@8jCNT@t, .1D, jCNT@t, .01D, jCNT@t, .001D, jCNT@t, .0001D<, 8t, 1, 10000<,
AxesLabel Æ 8"time,s", "Current, Aêg_C"<, BaseStyle Æ 8FontSize Æ Scaled@.04D<D
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E.1 Electronic Transport Limitation Model 
 
H* Limiting Current Density *L
Clear@rCNT, alpha, t, z, F, M, rho, sigma, phia, A, GroupedTermD;
rCNT = 4*10^-7; H*CNT Radius, cm*L H* <---- CHANGE THIS *L
M = 45.881; H*Molar Mass, Li2O2, gêmol*L
rho = 2.31; H*Density, Li2O2, gêcm3*L
z = 2; H*electronsêmolecule, Li2O2, *L
F = 26.801*60; H*Faraday's Constant, A*minêmol*L
aCNT = 500 *10^4; H*specific surface area of CNTs, cm^2êg*L H* <---- CHANGE THIS *L
sigmacorrectunits = 1.4 *10^-14; H* Sêm, Siemens = AêV = CêsêV *L H* <---- CHANGE THIS *L
sigma = sigmacorrectunits*H60ê100L; H* CêminêV *L
phia = .96; H* Volts *L
alpha = Hsigma*phia *M êzêFêrhoL;
drdt@t_D := 2 alpha
-rCNT2 + 4 alpha t ProductLogB -rCNT2+4alpha t
„rCNT2
F -
2 alpha
-rCNT2 + 4 alpha t ProductLogB -rCNT2+4alpha t
„rCNT2
F K1 + ProductLogB -rCNT2+4alpha t
„rCNT2
FO ;
r@t_D := -rCNT2 + 4 alpha t
ProductLogB -rCNT2+4alpha t
„rCNT2
F ;
LimitingCurrent@t_D := H1000 *aCNT ê2êPiêrCNTL*z*F*Hrho êML*2*Pi*r@tD*drdt@tD; H* mAêg *LH*Import Data *L
Clear@Data, DataCurrentOnly, DataTimeOnly, DataCurrentOnlySmall, DataTimeOnlySmallD;
Data = Import@"SC26.xls"D;H*
DataCurrentOnly = Import@"C118CurrentOnly.csv","List"D;
DataTimeOnly = Import@"C118TimeOnly.csv","List"D;
DataCurrentOnly = MovingAverage@DataCurrentOnly,30D;
DataTimeOnly = MovingAverage@DataTimeOnly,30D;
*L
Dataplot = ListPlot@Data, PlotStyle Æ 8Gray<D;H* Plots *L
TimeFinal = 1000; H* minutes *L
LimitingCurrentPlot = Plot@LimitingCurrent@tD, 8t, 1, TimeFinal<, PlotStyle Æ 8Red, Thick<D
Show@LimitingCurrentPlot, Dataplot, PlotRange Æ 880, TimeFinal<, 80, 800<<D
Show@Dataplot, LimitingCurrentPlot, PlotRange Æ 880, TimeFinal<, 80, 800<<D
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H* Bosco Model *L
Clear@rCNT, alpha, t, z, F, M, rho, sigma, phia, A, GroupedTermD;
rCNT = 4*10^-7; H*CNT Radius, cm*L H* <---- CHANGE THIS *L
M = 45.881; H*Molar Mass, Li2O2, gêmol*L
rho = 2.31; H*Density, Li2O2, gêcm3*L
z = 2; H*electronsêmolecule, Li2O2, *L
F = 26.801*60; H*Faraday's Constant, A*minêmol*L
aCNT = 500 *10^4; H*specific surface area of CNTs, cm^2êg*L H* <---- CHANGE THIS *L
sigmacorrectunits = 8.5 *10^-13; H* Sêm, Siemens = AêV *L H* <---- CHANGE THIS *L
sigma = sigmacorrectunits*H1ê100L; H* AêVêcm ä Sêcm*L
phia = .96; H* Volts *L
alpha = Hsigma*phia *M êzêFêrhoL; H* cm^2êmin *LH* Using ln r potential distribution *L
Gr@t_D := Sqrt@alphaê2êtD;
r@t_D := rCNT + Sqrt@2*alpha*tD;
H* Avrami Treatment *L
NucRate = 1; H* êcm2ês *L
GL = 1; H* cmês *L
SExtendedrstar@t_D := Integrate@NucRate*2*Pi*r@t - tauD*2*GL*Ht - tauL, 8tau, 0, t<D; H* Extended Area Fraction AreaêArea *L
Srstar@t_D := 1 - Exp@-SExtendedrstar@tDD; H* True Area Fraction AreaêArea *LH* Plots *L
Plot@8SExtendedrstar@tD, Srstar@tD, 1<, 8t, 0, 1000<, PlotRange Æ 880, 1000<, 80, 1.1<<D
H* Derivation of Current Term *LH* This section derives an analytical expression for the current *L
Clear@rCNT, alpha, t, z, F, M, rho, sigma, phia, aCNT, NucRate, GL , tauD;H* Using ln r potential distribution *L
Gr@t_D := Sqrt@alphaê2êtD;
r@t_D := rCNT + Sqrt@2*alpha*tD;
SExtendedrstar@t_D := Integrate@NucRate*2*Pi*r@t - tauD*2*GL*Ht - tauL, 8tau, 0, t<D; H* Extended Area Fraction AreaêArea *L
Srstar@t_D := 1 - Exp@-SExtendedrstar@tDD; H* True Area Fraction AreaêArea *L
S@t_D := Integrate@Gr@tD*Srstar@tD*2*Pi*r@tD, 8t, 0, t<D;
D@S@tD, tD
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H* Model Output *L
Clear@rCNT, alpha, t, z, F, M, rho, sigma, phia, aCNT, NucRate, GL D;
rCNT = .9*4*10^-7; H*CNT Radius, cm*L H* <---- CHANGE THIS *L
M = 45.881; H*Molar Mass, Li2O2, gêmol*L
rho = 2.31; H*Density, Li2O2, gêcm3*L
z = 2; H*electronsêmolecule, Li2O2, *L
F = 26.801*60; H*Faraday's Constant, Cêmol*L
aCNT = 500 *10^4; H*specific surface area of CNTs, cm^2êg*L H* <---- CHANGE THIS *L
sigmacorrectunits = 8.5 *10^-13; H* Sêm, Siemens = AêV = CêsêV *L H* <---- CHANGE THIS *L
sigma = sigmacorrectunits*H1ê100L; H* AêVêcm *L
phia = .76; H* Volts *L
alpha = Hsigma*phia *M êzêFêrhoL; H* cm^2êmin *LH* Nucleation and Growth Variables *L
GL = 1;
NucRate = 1;H* Using phiêHr-rCNTL potential distribution *L
Gr@t_D := Sqrt@alphaê2êtD;
r@t_D := rCNT + Sqrt@2*alpha*tD;H* From derivation above *L
dSdt@t_D := 2 1 - „-25 GL NucRate p t2 J5rCNT+4 2 alpha t N p alpha
t
KrCNT + 2 alpha t O;H* Current Expressions *L
Current@t_D := 1000 *z*F*rho *aCNT *dSdt@tDêM ê2êPiêrCNT;
LimitingCurrent@t_D := H1000 *aCNT ê2êPiêrCNTL*z*F*Hrho êML*2*Pi*r@tD*Gr@tD;
H*Import Data *L
Clear@Data, DataCurrentOnly, DataTimeOnly, DataCurrentOnlySmall, DataTimeOnlySmallD;
Data = Import@"SC26.xls"D;
Dataplot = ListPlot@Data, PlotStyle Æ 8Gray<D;
H* Plot Generation *L
TimeFinal = 1000; H* Minutes *L
ModelOutputPlot = Plot@Current@tD, 8t, 0, TimeFinal<, PlotStyle Æ 8Red, Thick<D;
Show@Dataplot, ModelOutputPlot, PlotRange Æ 880, TimeFinal<, 80, 600<<D
Plot@LimitingCurrent@tD, 8t, 0, TimeFinal<D
Plot@8Current@tD, LimitingCurrent@tD<, 8t, 0, TimeFinal<, PlotRange Æ 880, TimeFinal<, 80, 600<<D
Plot@Gr@tD, 8t, 0, TimeFinal<D
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H* Derivation of Current Term *LH* Assumes that the GL term equals Gr, which is a function of overvoltage *LH* This section derives an analytical expression for the current *L
Clear@rCNT, alpha, t, z, F, M, rho, sigma, phia, aCNT, NucRate, GL , tauD;H* Using ln r potential distribution *L
Gr@t_D := Sqrt@alphaê2êtD;
r@t_D := rCNT + Sqrt@2*alpha*tD;
SExtendedrstar@t_D := Integrate@NucRate*2*Pi*r@t - tauD*2*Hr@t - tauD - rCNTL, 8tau, 0, t<D; H* Extended Area Fraction AreaêArea *L
Srstar@t_D := 1 - Exp@-SExtendedrstar@tDD; H* True Area Fraction AreaêArea *L
S@t_D := Integrate@Gr@tD*Srstar@tD*2*Pi*r@tD, 8t, 0, t<D;
D@S@tD, tD
H* Model Output as a function of NucRate Æ Equal Rates *L
Clear@rCNT, alpha, t, z, F, M, rho, sigma, phia, aCNT, NucRate, GL D;
rCNT = .9*4*10^-7; H*CNT Radius, cm*L H* <---- CHANGE THIS *L
M = 45.881; H*Molar Mass, Li2O2, gêmol*L
rho = 2.31; H*Density, Li2O2, gêcm3*L
z = 2; H*electronsêmolecule, Li2O2, *L
F = 26.801*60; H*Faraday's Constant, Cêmol*L
aCNT = 500 *10^4; H*specific surface area of CNTs, cm^2êg*L H* <---- CHANGE THIS *L
sigmacorrectunits = 8.5 *10^-13; H* Sêm, Siemens = AêV = CêsêV *L H* <---- CHANGE THIS *L
sigma = sigmacorrectunits*H1ê100L; H* AêVêcm *L
phia = .11; H* Volts *L
alpha = Hsigma*phia *M êzêFêrhoL; H* cm^2êmin *LH* Nucleation and Growth Variables *L
NucRate = 2*10^10;H* Using ln r potential distribution *L
Gr@t_D := Sqrt@alphaê2êtD;
r@t_D := rCNT + Sqrt@2*alpha*tD;H* From derivation above *L
dSdt@t_, NucRate_D := 2 1 - „-43 NucRate p tJ3alpha t+2 2 rCNT alpha t N p alpha
t
KrCNT + 2 alpha t O;H* Current Expressions *L
Current@t_, NucRate_D := 1000 *z*F*rho *aCNT *dSdt@t, NucRateDêM ê2êPiêrCNT;
LimitingCurrent@t_D := H1000 *aCNT ê2êPiêrCNTL*z*F*Hrho êML*2*Pi*r@tD*Gr@tD;H* Model Output *L
CurrentList = Table@N@Current@t, NucRateDD, 8t, 1, 6000<D;
Export@"ModelOutput.xls", CurrentList, "List"D; H* mA, time in minutes *L
Plot@8Current@t, NucRateD, LimitingCurrent@tD<, 8t, 0, 6000<, PlotRange Æ 880, 1200<, 80, 200<<D
H* Plot Generation *L
TimeFinal = 1000; H* Minutes *L
ModelOutputPlot = Plot@8Current@t, .1D, Current@t, 1D, Current@t, 10D, Current@t, 100D<, 8t, 0, TimeFinal<, PlotRange Æ 880, TimeFinal<, 80, 450<<D;
LimitingCurrentPlot = Plot@LimitingCurrent@tD, 8t, 0, TimeFinal<, PlotStyle Æ 8Red, Thick, Dashing@LargeD<D;
Show@ModelOutputPlot, LimitingCurrentPlotD
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